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1.0 


INTRODUCTION 


1.1 Since the beginning of modern all weather aircraft operations 3 there 
have been landing incidents and/or accidents each year where aircraft have 
either run off the end or veered off the side of wet or slippery runways. 

These incidents /accidents have provided the motivation for various government 
agencies to conduct research into the causative factors involved in slippery 
runway incidents. 

1.2 Research conducted by the U. S. National Aeronautics and Space 
Administration (NASA) 5 Federal Aviation Administration (FAA), United States 
Air Force (USAF), United Kingdom, and others has established that braking 
friction does diminish on wet runway surfaces and the degree of friction 
reduction is related to many factors including the depth of water on the 
surface, surface texture, tire pressure, brake application speed and so forth. 
Much of the research effort has been utilized to establish an understanding 

of the slipperiness problem. In I968, a number of friction measuring vehicles 
were tested at NASA Wallops Station, Virginia, to ascertain the suitability 
of the various vehicles for measuring friction in a repeatable manner and 
for providing an index that might be correlated with aircraft stopping perfor- 
mance and/or used to produce information which could be used as an operational 
guide to pilots during inclement weather conditions (ref. l). As a result of 
these and subsequent tests, two ground vehicle measuring methods emerged, 
each showing promise of correlating with aircraft stopping performance and 
each showing capability of becoming the basis for an operational technique. 

The two methods utilized are the NASA diagonal-braked vehicle and the British 
Mu-Meter. Although testing to date has produced some data which indicate 
reasonable correlation may exist between these vehicles and aircraft, complete 
proof has not been obtained to show that such correlation would hold over 
the range of operational aircraft types and slipperiness conditions likely to 
be encountered in scheduled air carrier operations. 

1.3 In order to establish the degree of stopping distance correlation 
that might be obtained between modern jet transports and ground friction 
measurement vehicles over a wide range of slipperiness conditions, the FAA, 
USAF, and NASA are conducting a "Joint FAA-USAF-NASA Runway Research Program," 

Phase I - Two modern jet transports are to be tested 
along with the diagonal-braked vehicle and Mu-Meter 
on several runways which when wetted cover the range 
of slipperiness likely to be encountered in the United 
States. These tests are designed to determine if 
correlation between the aircraft and friction measuring 
vehicles exists. 

Phase II - A computer study of several modern civil/ 
military jet aircraft anti-skid braking systems will 
be conducted to ascertain which parameters have the 
major influence in aircraft /ground vehicle correlation. 



The results of the program -will establish the adequacy of the existing 
techniques or the need' to proceed in the further development of ground 
friction measuring vehicles. 

1.4 The tests of the first airplane in Phase I, a Boeing 727 » were 

conducted during the period of October 4- l6, 1971. The test team consisted 
of members of the three government agencies and representatives from the 
following industry organizations and foreign governments: The Boeing Company; 

Aerospace Industries Association; Air Transport Association; United Airlines; 
Air Line Pilots Association; Ministry of Transport, Canada; Ministry of 
Defense and Air Registration Board, United Kingdom; Centre D'Essais En'Vol, 
Bretigny, France; and ML Aviation Ltd., United Kingdom. In addition, at 
several of the test sites, observers from other organizations, such as 
Airport Operators Council Inc., etc., were present. 

1.5 Logistics support for the B-727 tests was provided by a USAF C-l4l 
aircraft. This aircraft transported the two ground vehicles, spare wheels 
and tires for the aircraft and DBV, runway markers and miscellaneous measuring 
equipment, the USAF portable phototheodolite, and essential maintenance 
equipment for changing tires on the B-727 aircraft. The test crew and test 
aircraft instrumentation spares were transported between stations on the 
B-727 test aircraft. A test crew of approximately 4o people was necessary 
for the efficient conduct of this test program. 

1.6 This paper presents the preliminary results of an analysis of the 
aircraft, diagonal-braked vehicle, and Mu-Meter data obtained from the 
October 1971 tests. These data will be further analyzed and combined with 
those from a test of a DC-9 airplane, scheduled for February 1972, and will 
be published at some future date. 


2.0 TEST EQUIPMENT 

2.1 The Initial Phase I test airplane was a Boeing 727-100 jet transport 
with three rear mounted jet engines depicted in figure l(a). The maximum 
authorized landing weight for the airplane tested is 142,500 pounds using 

30° landing flaps. At weights of 137*500 pounds or less, a landing flap 
setting of 40° may be used. Maximum brake application speeds varied, according 
to weight, from 132 knots down to 78 knots. The test landing brake energy 
range varied from a WV^ of 0.882 x 10^ Ib-kt^ to 2.42 x lo^ ib-kt^. 

W- 

2.1.1 During the time period the aircraft was being instrumented at the 

NASA Langley Research Center, the anti-skid control valves, skid detectors, 
and electronic control box were removed from the aircraft and sent to the 
vendor for inspection. The vendor checked the components for proper operation 
and returned the refurbished components or, in some instances, replacement 
components, to Langley for installation on the aircraft. This check was made 
to insure that the aircraft braking system was in tolerance and at peak ^ 

performance for the flight test program to follow. 

2.1.2 Stopping distance, brake application velocity, and time of brake 
application were the principal measurements required to evaluate the aircraft 
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stopping performance. The instrumentation aboard the aircraft used to 
measure these principal paxameters is listed in table I. Included in the 
table are the other items which were instrumented in order to obtain data 
related to the anti-skid braking system and other aircraft characteristics 
necessary for a thorough evaluation of the stopping performance. Redun- 
dant instruments, a nose wheel counter and the Boeing side-mounted photo- 
theodolite, were used to record the principal parameters to insure complete 
and accurate acquisition of these items. A signal block diagram of the 
instrumentation listed in table I is shown in figure 2. The accuracy of 
each of the instrument sensors is listed in table II for the oscillograph 
system and in table III for the magnetic tape system. Figixres 3 and 4 show 
the main instj^umentation rack, and the side mounted phototheodolite, including 
its instrumentation rack. 

2.1.3 The nose wheel counter consisted of a magnetic pickup mounted on 
the nose strut of the aircraft and two small steel masses mounted 
l80° apart on the right hand nose wheel, figure 5. The signal produced as 
each steel mass passes the pickup is fed to a digital counter in the aircraft 
cockpit, figure 6, and to a magnetic tape channel for permanent recording, 

2.1.k The side-mounted phototheodolite camera system provided by Boeing 
and shown in figure was located at station J+30 on board the test aircraft. 
The data acquisition system consists of a Giannini multidata 35 umi motion 
pictiire camera with a vertical reticle mounted as shown in figure 4(a). The 
camera is positioned perpendicular to the airplane longitudinal axis and at 
an appropriate angle with the lateral axis such that markers, placed at 
50-foot intervals along the side of the runway, appear in the middle of the 
film frame when the airplane is on the runway centerline in a nonrotated 
position. Time is displayed on each film frame to the nearest one-hundredth 
second using digital display tubes which are pulsed by an Astrodata Model 619O 
time code generator. The camera is also triggered by the time code generator 
at 10 frames per second. 

2.2 The diagonal-braked vehicle (DBV) is a I969 Ford XL sedan with a 

high performance engine for rapid acceleration to the test speed of 60 mph. 
This vehicle is equipped with a diagonal braking system to maintain vehicle 
stability and directional control when the diagonal wheels are locked at 
high speed. The vehicle is shown in figure l(b). A schematic diagram of the 
diagonal braking system is shown in figure J. 

2.2.1 The stopping distance, speed, and acceleration instrumentation on 
board the DBV is listed in table IV. The key elements of instrumentation are 
depicted in figure 8. Figure 9 shows typical DBV recorder traces for test 
runs conducted on dry and wet runway surfaces. The key parameter changes 
between the dry and wet conditions are the longitudinal acceleration and the 
time required for the DBV to stop. For the wet condition, the reduced 
longitudinal acceleration causes the increase in time and stopping distance 
over that of the dry case. The primary brake application speed and stopping 
distance measijirements used in the analysis of this report are variables 
4 and 5 3 respectively of table IV which are obtained from MSA standard 
instrments. The stopping distance instrumentation was calibrated by driving 
the DBV over a 1000-foot measured distance on a straight airport taxiway or 
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on the runway test section. The diagonal-braked wheels are fitted with ASTM 
smooth tread test tires (specification E-2if9) inflated to 2l| psi. The unbraked 
wheels are equipped with standard road tires of good tread design inflated 
to 32 psi. The tracking wheel tire is maintained at 28 psi inflation press-ure. 

2,3 The Mu-Meter is a side force measuring trailer shown pictorially 

and graphically in figures 10 and 11. The total weight of the trailer is 
approximately 530 pounds. It may be towed by any automobile or light truck 
when the towing vehicle is equipped with a suitable towing hitch, 

2.3.1 The Mu-Meter instrumentation consists of a chart recorders figure 12, 
driven by the rear center wheel. The chart speed is arranged such that 1 inch 
on the chart is equal to approximately 1+50 feet of runway length. The chart 
recorder has two channels: one for recording the friction reading, scale 0-1.0, 

and the other for use as an event marker, bulb operated. Figtire 13 shows the 
Mu-Meter chart traces made on the dry rimway, and before and after aircraft 
run 1+3 on the wet runway at Houston. The Mu-Meter friction reading is cali- 
brated by means of a friction board provided with the Mu-Meter and according 
to the instruction manual. The tires that measure the side force must be 
inflated to 10 psi. The tire driving the recorder must be inflated to 30 psi. 
The Mu-Meter used in these tests was also fitted with a remote reading unit 
which provides an integrated average friction reading over the entire s+irface 
tested. 

2.1+ The equipment used for artificially wetting the runways varied 

from airport to airport, but generally consisted of from one to three tank 
trucks varying in capacity from 3000 gallons to 8000 gallons. Most of these 
vehicles used a pump to discharge the water at rates varying from 500 to l 600 
gallons per minute in order to get the maxim\mi amount of water on the test 
section in a given time interval. A typical tanker truck wetting operation 
is shown in figure lU. 

2.5 Miscellaneous test equipment consisted of runway markers, figure 15s 

to identify the test section, water depth gages, figure l6, for measuring 
water depth, a surface texture depth kit, figure IT, and miscellaneous data 
gathering equipment including a portable anemometer, Rolatape, thermo-electric 
temperature gage and a portable psychrometer . A USAF portable phototheodolite, 
fig-ure l8, which was set up approximately 1000 feet perpendicular to the 
runway centerline at the approximate midpoint of the runway test section was 
used to record aircraft and DBV stopping distances. Data from this instrument, 
although not available for this 'report, will be available for the final report. 


3.0 TEST AND DATA REDUCTION PROCEDURES 

3.1 Test Sequence - Two basic test sequences were used— -one for dry 
surface tests and one for wet surface tests. 

3.1.1 For the dry surface conditions, the DBV and the Mu-Meter generally 
made their initial tests prior to the first aircraft stopping distance test. 
On occasion, a second series of dry tests with the ground vehicles was made 
while the aircraft was down for refueling. 
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3.1.2 For the wet surface conditions, the test sequence used is summarized 
as follows: 

1. Water tankers wetted the runway test section in two 
continuous passes. 

2. Water depth measurements were made at each measuring 
station immediately after the second pass of the 
water tanker and before the initial ground vehicle 
runs . 

3. Initial ground vehicle measurements were made. 
k. Aircraft landed and stopped. 

5. Water depth measvirements were made at each measuring 
station. 

6. Second ground vehicle measurements were made 

T. Water depth measurements were made at each measuring 
station. 

3.2 Wetting Procedure - Artificial wetting of the runway test section 
was accomplished using from two to three water tankers. The rate at which 
water was discharged from the tankers was used to establish the speed of 
the vehicles so that all water was expended at the end of the second pass 
down the test section. The tankers made the initial wetting pass in a direc- 
tion the same as that of the landing aircraft. The center Uo to 50 feet of 
the runway test section was wetted. The time to wet the test section for 
each wet test and the amount of water used is listed in table V. 

3.3 Water Depth and Atmospheric Data Measurements 

3.3.1 Water depth measurements were made at six stations (runway markers 
A-G) spaced down the length of the test section as shown in figure 19. Measure' 
ments of water depth were made at each station using the MSA portable water 
depth gage. These measurements were made on and at 10 feet either side of 

the runway centerline. The first measurements were made immediately after the 
water tankers passed each station on the second wetting pass. The second set 
of measurements were made after the aircraft landing and stop and the third 
set of measurements were made after the final ground vehicle runs. The 
average water depths at the time of aircraft stopping test is shown for each 
test in table V. Table VI presents the average water depth as a function 
of time relative to the aircraft test. The average water depths in table V 
were obtained by plotting the data of table VI. 

3.3.2 Atmospheric data, consisting of wet and dry bulb temperatures, 
relative humidity, wind speed and direction, barometric pressure and runway 
surface temperature were taken at the time of each aircraft test. These data 
are listed in table V. 
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3.^ Aircraft Test Procedure - For maximum iDraking stops 5 the aircraft 

was landed short of the test section at a speed sufficiently in excess of 
the desired brake application speed so that the nose wheel could be placed on 
the ground, the wing lift spoilers could be raised and the engines could be 
spooled down to idle rpm (approximately 5 seconds spool down time) by the 
time the threshold of the test section was reached. Upon entering the test 
section, maximum brakes were abruptly applied and held in the maximum "Ol" 
position until the airplane came to a complete stop. An exception to this 
procedure was required when the aircraft exited the wetted test section 
with wheels locked as is illustrated in figure 33(c). The pilot was prein- 
structed to release the brakes upon exiting the wetted test section and reapply 
brakes to stop on the dry surface. On four occasions where locked wheels 
occurred, the aircraft exited the wetted test section prior to stopping, 
necessitating the release and reapplication of brakes as the transition from 
wet to dry surface was made. This procedure was used to minimize tire flat 
spotting which may result from a locked-wheel skid that occurs on dry pavement. 
A correction to the stopping distance was necessary as a result of using this 
procedure. The correction is described later in the paper. 

3.5 DBV Test Procedure - The diagonal -braked vehicle was operated in ' 

accordance with the following procedures: The car is accelerated to approxi- 

mately 65 mph prior to reaching the test section, the transmission is then 
placed in neutral at a point which will result in a speed of 60 mph being 
attained at the point of entry into the test section. Upon entering the test 
section, maximum brakes are applied, locking the two diagonal-braked wheels 1 
which are equipped with the ASTM smooth tread tires. Maximum brakes are 

held "OIT" until the car has come to a complete stop. Two, and sometimes three, 
stops were made within the length of the test section. Where only two stops 
were possible, other segments of the test section were measured on subsequent 
aircraft tests, if needed. Basic DBV data for the dry surface tests are 
included in table VII, and data for wet surface tests are included in table 
VIII. Table VIII shows the test results in relation to the time of the 
aircraft test. 

3.6 Mu-Meter Test Procedure - The Mu-Meter was operated in accordance 
with procedures developed in the United Kingdom (ref. 2). For each run the 
towing vehicle was accelerated to the selected towing velocity, usually 40 mph, 
prior to entering the test section. This velocity was held constant for the 
run through the test section. Some data were also obtained at speeds of 

20 mph and 60 mph. The basic Mu-Meter data for the dry surface conditions 
are included in table VII and the basic wet surface data are included in 
table VIII. The latter is shown in a time relationship to the aircraft test. 


3 .T data reduction 

3.7.1 B-72T Aircraft 

3. 7.1.1 Nose Wheel - The NASA nose wheel revolution counter (2 pulses/rev- 
olution) and ground speed meter were installed in the cockpit of the test 
aircraft (see figures 6 and 20) to provide quick- look capability in the field 
for measuring aircraft stopping distance and ground speed from the pilot’s brake 
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application point. Both of these instruments required an accurate measurement 
of nose wheel tire rolling radius \mder test conditions to determine the 
appropriate instrment calibration factors. The necessary data for this 
purpose were obtained from the Wallops aircraft calibration runs (runs 1-9 )• 
The flight recorder oscillograph records of these runs were analyzed at 
Wallops and the following calibration factors were determined: 

QUMTITY CALIBRATION FACTOR 

Stopping distance, ft 3-95 ^ number of counter pulses 

Ground speed, kt 1.31/dial division (ground speed meter) 

s' s 
's. /■ 

These calibration factors were used to obtain the brake application ground 
speed and stopping distance (from brake application) values listed for the 
aircraft test runs in table V. 

3.7.1. 1.1 It should be noted that the values of stopping distance and brake 
application speed listed in table V were subject to possible reading or 
recording errors by the flight crew. The possibility also existed that the 
nose wheel revolution counter on the aircraft on a given run could contain 
some spurious counts if the pilot lightly engaged the aircraft brakes before 
maximum brake application at entrance to the runway test section. The 
magnetic analog tape flight recorder records of all aircraft calibration and 
test runs were analyzed to validate the nose wheel quick-look data given in 
table V. This was done to insure that spiirious counts had not occurred and 
to establish a more accurate value of the nose wheel tire rolling radius 
for the test conditions encountered. Figirre 21 shows the variation of nose 
wheel tire rolling radius with aircraft ground speed as determined from nose 
wheel angular displacement measurements. The angular displacement method was 
determined to be the most accurate method of obtaining tire rolling radius. 

An average nose wheel tire rolling radius of 1.265 feet over the test ground 
speed range evaluated was determined. 

3. 7 .1.1. 2 The aircraft groiind speed at brake application was determined by 
counting the number of nose wheel pulses (magnetic analog tape record) over 
a 1 second time interval just before and after brake application as shown 
in figure 22. A more accurate determination of this speed will be made in 
the final report. 

The brake application speed was determined by the equation 

2 Trr W 

''b = FWi.6; = ==-351 K 

where 

r^ = nose wheel tire rolling radius = 1.265 ft 

W = number of nose wheel pulses (2/revolution) per second of time 



Vg = brake application speed, knots 


The aircraft stopping distance from the nose wheel counter was determined 
in similar fashion by hand counting the number of nose wheel pulses from 
brake application speed to a complete stop from the magnetic analog tape 
test records and by use of the equation 


2 TTr N 

Sg = 2^ = 3.9TU N 


where y ^ 

S„ = stopping distance, ft 
si 

r = 1.265 ft 

e 

W = number of nose wheel pulses (2/revolution) 


The values of brake application ground- speed and aircraft stopping distance 
obtained by these data reduction techniques from the NASA nose wheel instru- 
mentation measiorements are listed in table IX. 

3.T«1*2 On Board Phototheodolite - The Boeing Company processed and reduced 
the test film acquired by its on board side-looking phototheodolite camera 
during the test program using standard Boeing film data processing and computer 
program procedures. Values of brake application ground speed and aircraft 
stopping distance obtained by this theodolite are also listed in table IX. 

3 .7.1. 3 USAF Ground Phototheodolites - At Edwards AEB, the USAF obtained 
measurements of aircraft brake application speed and stopping distance during 
test runs from data obtained by operating its fixed (tower) ground photothe- 
odolite equipment. This was in addition to data acquired at each test runway 
by operating its portable ground phototheodolite during test runs. The 
measurements of aircraft brake application speed and braking distance obtained 
by the Edwards ground phototheodolite are presented along with the NASA nose 
wheel counter and Boeing side-looking phototheodolite instriimentation in 
table X. It can be seen from this table that the USAF data for speed and 
distance are in good agreement with the NASA and Boeing data obtained at 
Edwards AFB. As discussed earlier in the paper, data obtained by the USAF 
portable phototheodolite during the test program are still being reduced 
by USAF and therefore not available for incorporation in this paper. 

. ^ W 

3.T.1.^ Ground Visual Distance Observers stationed along the runway noted 
the points on the runway during each test run where the aircraft "over the 
wing" light (electrically coupled to the pilot's brake pedals) was turned 
"on" and "OFF" by pilot brake application. The distance between these points 
along the runway were measured and noted in tables V and IX. This was a 
backup quick- look method for measuring aircraft braking distance in case of 
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aircraft instrumentation failure and is not considered as accurate as the 
other stopping distance measurement methods discussed in this paper. 


3. 7. 1.5 Wet /Dry Stopping Distance Ratio (SDR) - To obtain the aircraft 

wet/dry stopping distance ratio ^ it is first necessary to determine the dry 
stopping distance required for the aircraft under the same brake application 
speed and landing gross weight conditions of the wet run under consideration. 
For this purpose, plots of aircraft dry stopping distance, feet, against 
aircraft braking energy, WV^, Ib-kt^, were prepared in figure 23 from MSA 
nose wheel counter and Boeing phototheodolite data obtained from table IX. 

The equations for the faired lines through these data are 


Boeing theodolite ^Dry ~ x 10 

-7 2 

MSA nose wheel counter S,^ = 9 -167 x 10 WV„ 

Dry B 

where 

^Dry ~ aircraft dry stopping distance, ft 

W = test gross weight, lb 

= brake application speed, kt 
Jb 


The data scatter in figure 23 about these faired lines are approximately 
±5 percent for the majority of the test runs. This scatter is attributed 
mainly to differences in airport altitude, runway surface texture, atmospheric 
conditions, aircraft configuration, and anti-skid braking system performance 
between the different test runs. It is noted that the MSA data give the 
aircraft a 3.9 percent longer stopping distance for a given aircraft WV^ 
than the Boeing data. The reason for this discrepancy is illustrated in 
figure 2k where Boeing and NASA values of aircraft stopping distances, brake 
application speed, and SDR (wet/dry) are directly compared. It can be seen 
from the data in this figure that the Boeing and NASA stopping distance are 
in excellent agreement. However, the NASA brake application speeds tend to 
be lower than the Boeing brake application speeds. A more rigorous analysis 
of the nose wheel counter data will undoubtedly reduce this discrepancy. 

As discussed in sections 3. 7*1. 1.1 and 3, 7,1.1. 2, an average nose wheel 
tire rolling radius of I.265 was used to calculate both brake application 
speed and stopping distance from the NASA counter data. Actually, the nose 
wheel rolling radius must increase with increasing aircraft ground speed due 
to tire centrifugal growth effects, especially at high speeds. For stopping 
distance calculations, use of the average rolling radius is sufficiently 
accurate because the ground speed varies from a high speed to zero speed, the 
same conditions ■under which the average rolling radius was determined from 
the Wallops calibration runs. For brake application speed calculations, 
however, the actual tire rolling radius for a given ground speed must be 
used with the NASA counter data to obtain correspondence with the Boeing 
brake application speed data. It is interesting to note that while differences 
in Boeing and NASA brake application speed are obvious and result in differences 


9 



in calculations of aircraft and dry stopping distances, the aircraft 

stopping distance ratio (SDR), wet/dry are in excellent agreement. This 
result is explained by the fact that the NASA speed discrepancy occurs in 
both numerator and denominator of the ratio resulting in the wet/dry ratio 
being only slightly affected by small brake application speed variations. In 
the data comparisons to follow, the aircraft SDR determined by the NASA 
counter are presented. , 

I '■ 

./ 

3.7-1. 6 Data which were recorded on the magnetic analog tape were digitized, 
converted to engineering units, and displayed in the form of time-history 
plots. In addition to these time histories, a coefficient of friction has 
been computed as a function of time using the taped records of acceleration 
and nose wheel velocity. The following equation was used 


“ ' W - 1' * >*r> “I 
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where 

4 = iP 

and 

= drag coefficient 

= lift coefficient 

= moment coefficient 

c = wing reference chord length 

g = acceleration of gravity 

q = dynamic pressure 

r^ = nose wheel rolling radius 

S = wing reference area 

w 

= wind velocity 
W = aircraft weight . -•? 
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X = measured aircraft acceleration 

X = longitudinal position of aerodynamic center 

X = longitudinal position of aircraft center of gravity 

eg 

= longitudinal position of main landing wheels 
Xjj = longitudinal position of nose wheel 
z = height of aerodynamic center above the ground 

3.C 

z = height of aircraft center of gravity above the ground 
eg 

z^ = height of effective thrust vector above the ground 
Y = runway slope 

y = braking coefficient of friction 

= rolling wheel coefficient of friction 
p = atmospheric density 

T = engine thrust 

(jOjj = nose wheel rotational speed 

3.T.2 Diagonal-Braked Vehicle (DBV) 

3.7. 2.1 The DBV test technique is to apply brakes at 60 miles per hour 
and measure the stopping distance required to brake the vehicle to zero 
speed as shown in figure 9* Two independent measuring systems operating 
from the same trailing fifth wheel on the test vehicle were used in a 
redundant manner to obtain values of brake application speed and stopping 
distance. The values of speed and distance obtained by the two measuring 
systems, one labeled NASA and one labeled prototype, during DBV dry runway 
tests are listed in table VII and the values obtained from wet runway tests 
are listed in table VIII. The measurements of brake application speed and 
stopping distance obtained by the standard (variables k and 5 of table IV) 
and prototype (variables 2 and 3 of table IV) instruments of the DBV are 
compared in figure 25. For brake application speed, 95 percent of the data 
points obtained from tables VII and VIII agreed within ±2 percent or within 
approximately 1 mph. This agreement is considered to be excellent. The 
measurements obtained for stopping distance by the two instrument systems 
were not in such good agreement. Only 77.^ percent of the stopping distance 
measurements agreed within ±2 percent; however, 90.9 percent of the measure- 
ments agreed within ±4 percent, while 9.1 percent of the measurements exceeded 
the k percent boundaries. It was noticed at Wallops during pretest trials 
that the prototype distance counter instrument was affected by- DBV cabin 
temperature and, in some cases, counted spuriously during DBV radio transmissions. 
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As a result of these data trends , the NASA standard instrument measurements 
for DBV brake application speed and stopping distance were deemed the most 
accurate, and are used exclusively in the data comparison to follow. Modi- 
fications are being made to the "prototype" system to eliminate sensitivity 
to temperature and radio interference effects. A modified unit will be 
compared to the NASA equipment during the forthcoming DC~9 test program. 


3. 7 .2, 2 The NASA developed correlation technique between aircraft and DBV 

requires that the DBV stopping distance ratio, wet/dry, be made on a 60-mph 
brake application speed base. This requirement necessitated normalizing 
■the DBV stopping distances shown in tables VII and VIII to an equivalent 
60-mph brake application speed. Since the stopping distance is known to be 
dependent upon the kinetic energy, which is a function of V^, the correction 
equation to be used when the brake application speed differs from exactly 
60 mph is 


where 



^Test 

V 

Test 

^60 


q = - q 

60 „2 Test 

Test 

DBV stopping distance from 60 mph, ft 
DBV test stopping distance, ft 
DBV test brake application speed, mph 
correlation brake application speed =6o mph 


3. 7 "2. 3 The friction coefficient developed by rubber sliding on runway or 
other pavement surfaces is affected by the initial rubber temperature at the 
start of sliding and the incremental rubber temperature increase in the 
rubber surface due to the skidding energy level developed in the slide. As 
a consequence of this effect of temperattire on tire friction, the DBV stopping 
distances (diagonal wheels locked) on dry and wet pavements tend to increase 
with increasing rubber temperature and decrease with decreasing rubber temper- 
ature. It is most difficult to measure tire rubber temperature directly on 
a rolling or even sliding tire mounted on a moving vehicle. The ambient air 
temperature measured at time of test appears to correlate reasonably well 
with DBV dry stopping distance, and thus the ambient air temperature seems to 
be indicative of the tire rubber temperatixre at the start of vehicle braking 
(60 mph). In the Joint USAF-NASA Combat Traction Program (ref, 2), the DBV 
dry stopping distance tests were made ©n ko different runway surfaces over a 
large range of ambient air temperatures. On the basis of these data, the 
following equation was developed in reference 2 to estimate DBV stopping 
distance at 60 mph brake application speed as a function of ambient air 
temperature 
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= 208 + l.h5 T 


^Dry, 60 

■where 

^Dry 60 ~ stopping distance, ft (60 mph brake application speed) 

T = ambient air temperature, °F 


Figure 26 shows the variation of the DBV dry stopping distance predicted by 
this equation and the DBV dry stopping distances obtained on the six runway 
surfaces of the present investigation with ambient air temperature. Since 
there was insufficient data from the B-727 tests to establish a trend over 
a wide range of temperatures, the procedure used to correct the DBV dry 
stopping distance for temperature was to draw lines through the available 
data points parallel to the line established in reference 2. This is shown 
in figure 26. The equivalent DBV dry stopping distance given in table IX 
for each wet test run was obtained from figure 26 for the ambient temperature 
at the time of the test run. Until more data are available showing trends 
to the contrary, it is felt that this procedure yields the most accurate 
DBV dry stopping distance for use in determining the DBV SDR (wet/dry stopping 
distance ratio). 

3.7-2.^ As can be seen in table VIII, the DBV stopping distances as well as 
the Mu-Meter average friction readings vary considerably with. the time of test 
following the wetting of the r'unway.- These' variations with: time are. due to 
vehicle: activity or water drainage from the' surface which, reduces.' the’ effective 
water depth at the' time of the test.. Thus , for correlation between aircraft T: 
and the ground vehicle runway slipperiness measurements , the data must be time 
correlated with the aircraft data for any given aircraft test on a wet runway. 
The procedure employed in this paper for time- correlating the aircraft, ground 
vehicle, and runway water depth data is illustrated in figure 27. 

3.7*2. 5 In figure 27, the DBV stopping distance data obtained from table VIII 
for run k3 has been normalized to a 60-mph base using the equation sho'wn in 
paragraph 3. 7. 2. 2. These corrected stopping distance data were then plotted 
against the time from aircraft run data also obtained from table VIII. In 
this way, it becomes possible to obtain an interpolated value of DBV wet 
stopping distance at the time of aircraft run that reflects the same runway 
slipperiness condition as encountered by the aircraft. The sample DBV stopping 
distance measurements sho'wn in figure 27 were those obtained for run at 
Houston. The test surface at this airport did not have a uniform surface 
as shown in figure 19(b). For the first 650 feet of the test section length, 
the concre'te surface was rubber coated from wheel spin-up during landings on 
runway 8L. This rubber coating when wet produced a more slippery s-urface 
than the remaining uncontaminated concrete surface of the test section. (Com- 
pare section A, rubber coated, and section B, uncon-taminated, data in figure 
27.) For comparison purposes, the DBV data obtained on that portion of the 
test section utilized by the aircraft during its stop were corrected in a 
proportioning equation to obtain the average DBV wet stopping distance for 
the time of aircraft run. For run 43 the following computation was used 
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where 


wet 


842 X 650 + 731 X 2810 
3460 


= 752 feet 


S , 
wet 

842 


650 

731 


2810 

3460 


The average DBV wet stopping distance obtained by this technique for run 43 
was 752 feet and this is the value noted in table IX. A similar data reduction 
technique was used for all DBV runs where the test section surface was not 
uniform in texture. For uniform test section surfaces, the DBV runs in 
different areas of the test section were given equal weight and arithmetically 
averaged to obtain an average wet stopping distance for the time of aircraft 
run and noted in table IX. 

3. 7. 2. 6 The DBV SDR (wet/dry stopping distance ratio) time correlated to 
each aircraft run was obtained by dividing the wet DBV stopping distance by 
the dry stopping distance listed in table IX for each wet aircraft test run. 

3 . 7 " 3 Mu-Meter 

3. 7. 3.1 The Mu-Meter was towed at constant speed (usually 40 mph) over the 
section of the rimway to be measixred. In addition to the test speed of 40 mph, 
some runs in this investigation were made with the Mu-Meter at speeds of 20 
and 60 mph to obtain data on the effect of speed on Mu-Meter readings. Typical 
test records obtained with the Mu-Meter before and after aircraft run 43 at 
Houston are shown in figure 13. The Mu-Meter instrumentation included a 
remote mechanical integrator which automatically read out an average friction 
reading for the length of test section measured by the Mu-Meter on the runway. 
The integrator average friction reading obtained for each test run of the 
Mu-Meter is listed in table VIII. For most aircraft runs, the aircraft did 
not require the full runway test section length to come to a complete stop. 
Consequently, the Mu-Meter test records were analyzed only over the portion of 
the test section (see figure 13) in which the aircraft test occurred. In 
this manner, the average, maximum, and minimum friction readings of the Mu-Meter 
were obtained for the length of the runway test section associated with the 
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= average DBV wet stopping distance time correlated to 
aircraft run, ft 

= DBV stopping distance in section A at time 0 (time of aircraft 
test) from figure 27, ft 

= length of rubber-coated surface in test section, ft 

= DBV stopping distance in section D at time 0 (time of 
aircraft test) from figure 27, ft 

= length of uncontaminated surface in test section, ft 

= aircraft stopping distance from start of test section, ft 
(see table IX) 



aircraft test. These Mu-Meter average record friction readings for each 
test run are also listed in table VIII. 

3.T.3.2 The Mu-Meter average record friction reading at 40 mph was time- 
correlated with aircraft test run 43 as shown in figure 27. In this figures 
the Mu-Meter average record friction reading at 40 mph taken before and after 
the aircraft test run was plotted against time from aircraft run data obtained 
from table VIII. An interpolated Mu-Meter friction reading of 0.423 was 
obtained by this method as the Mu-Meter runway slipperiness indication at 
the time aircraft run 43 was made. All of the Mu-Meter test runs made at 
4o mph test speed were analyzed in this manner and the time-correlated Mu-Meter 
average friction readings are listed in table IX. 

3. 7 .3'. 3 For those Mu-Meter test runs made at speeds other than 40 mph, the 

time-correlated record average friction readings were plotted against test 
speed for each airport as shown in figure 28. With the aid of this figure, 
it was possible to obtain an interpolated record average friction reading 
value for an aircraft test run at an airport even though the Mu-Meter test 
speed for the particular aircraft run was not made at 4o mph. For example, 
the Mu-Meter test speeds before and after aircraft run 46 at Houston were 
made at 60 mph. From the Houston curve of figure 28, an interpolated friction 
reading of 0.430 was obtained at 4o mph test speed. This friction reading 
value is listed in table IX. This technique was followed for all other 
Mu-Meter runs in which the test speed was not 4o mph and the interpolated 
friction values listed in table IX. 

3.7.4 Average Runway Test Section Water Depth 

3. 7. 4.1 Water depth measurements were made beside each rimway marker by 
the water depth measuring test crew in the aircraft left, nose, and main 
wheel tracks of the runway test section at three separate intervals during 
an aircraft test run sequence. These many individual water depth measure- 
ments were used to determine the average test section water depth 
values listed in table VI. These water depth values were plotted against 
the time from aircraft run data in table VI (see figure 27) so that an 
interpolated value of average test section water depth at time of aircraft 
run could be obtained. In figure 27, this technique yielded an average 
test section water depth of 0.019 at the time aircraft run 43 was made. This 
procedure was followed for each aircraft wet test run and the results obtained 
are listed in tables V and IX. 


4.0 RESULTS AND DISCUSSION 

4.1 All test results have been time-correlated to the time of the air- 
craft test as explained in paragraph 3.0 above. These results are presented 
in table IX for each test site by run number. The data contained in table IX 
and table VI were used, for the most part, in preparing the figures presented 
in this section. 
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MSA Wallops Station 


k,2 

k.2,1 Wine maximum braking stops were made at WASA Wallops Station on 
runway 10/28 in addition to nine calibration runs and 10 flooded test section 
tests. The flooded tests are not addressed in this paper, but will be analyzed 
at a later date. The water depth variation with time for runway 10/28 at 
Wallops is shown in figure 29(a). It can be seen that for all wet runs except 
run 12, the average water depth at the time of aircraft landing was 0.01 inch. 

k.2.2 For run 12, the water depth at time of aircraft test was 0.019 inch. 
With this water depth condition, the airplane at a light weight of 99s 500 
pounds and a relatively high brake application speed of 117 knots, the two 
outboard wheels locked up six seconds after the brakes were applied. A total 
of l8 brake pressure application/release cycles were accomplished by the anti- 
skid system before full lockup occurred. The anti-skid system did not permit 
the outboard wheels to regain synchronous speed once they had spurn down to a 
speed which caused brake pressure release. This is simnnarized in table XI. 

As a result of the wheel lockup, a large reverted rubber patch was generated 
on each of the outboard tires. Figure 30 shows the nature and size of the 
reverted rubber patch. 

U.2, 3 All of the data points obtained at Wallops for the aircraft, DBV, 
and Mu-Meter are shown in figure 29(a). It is readily apparent that the air- 
craft point for run 12 falls outside any correlation boundary. This seems 
obvious since a tire operating in the reverted rubber skidding mode can 
produce a much reduced friction coefficient compared to that produced by 
an efficiently operating anti-skid system. The effect of new tires on aircraft 
stopping distance ratio can also be seen in the figure. Figure 31 shows the 
actual time histories of the pertinent aircraft parameters for dry, wet (no 
wheel lockups) and wet (two wheels locked) conditions. The computed coeffi- 
cient of friction values are also given in these figures. Examination of 
the coefficient of friction plots indicates, as stated above, that the 
friction developed in the case where wheel lockups occurred and reverted 
rubber skids were present is much lower than for the cases where no wheel 
lockups occiirred. This phenomenon will be discussed further in U.8.1 below. 

4.3 Houston Intercontinental Airport 

4.3.1 Four dry and six wet maximum braking stops were made at Houston 

Intercontinental Airport on runway 08L. The water depth variation with time 
for the six wet runs is shown in figure 29(b). Each run was faired separately 
to obtain the data shown in table IX. The average water depth varied from 
0,0l6 inch to 0.028 inch at the time of aircraft test. Three of the wet 
stops experienced lockup of the two outboard wheels. These lockups occurred 
from 2.14 seconds to 3.82 seconds after brake application. Four to eight 
anti-skid system pressure application/release cycles occurred prior to lockup 
(gee table XI). These lockups occurred over a wide weight and speed range and 
in water depths of 0.02T to 0,028 inch. > 

4.3.2 All of the data points obtained at Houston for the aircraft, DBV, 
and Mu-Meter are shown in figiire 29(b). It is interesting to note that 
although the aircraft SDR obtained from riui 4l, which was conducted with worn 
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tires s falls outside the correlation boundaries, the SDR*s obtained from 
runs kG and 47, which were conducted with new tires, falls within the corre- 
lation bo-undaries. Thus, even in the condition where two outboard wheels 
are locked and skidding, the inboard wheels, which are really generating 
the braking force, are much more effective with new tires than with worn 
tires. Figure 32 shows the actual time histories of the pertinent aircraft 
parameters for dry, wet (no wheel lockups) and wet (two wheels locked) condi- 
tions, The computed coefficient of friction values are also given in these 
figures. Figure 30 shows the nature and size of the reverted rubber skid 
patch developed during prolonged locked wheel skids at Houston. 

4 . 4 Edwards AFB 

4.4.1 Four dry and eight wet maximum braking runs were made at Edwards AFB 
on runway 04. In addition, two runs were made using normal reverse thrust 
on all three engines and maximum braking after touchding down in the wetted 
test section. The water depth variation with time for the wet runs is shown 
in figure 29(c). Each run was faired separately to obtain the data shown 
in table IX. The average water, depth varied from 0.024 inch to 0.049 inch. 

For runs 50 and 53, one percent of organic foam was mixed with the water to 
obtain a water depth greater than that for water alone. Commencing with 
run 53A, a third water tanker was used to increase the amoimt of water dis- 
charged onto the runway. All wet stops except run 97 experienced either two- 
or four-wheel lockups. Table XI shows the time of wheel lockup after brake 
application and the number of anti-skid pressure/release cycles which occurred 
prior to lockup. In four instances, prolonged locked wheel skids generated 
reverted rubber in the tire footprint producing low aircraft decelerations 
which resulted in the aircraft exiting the wetted test section. For these 
four cases, a plot of the deceleration versus velocity was made down to the 
point where the airplane exited the test section. The trend of the curve at 
that point was extrapolated to zero velocity and the average deceleration 
was used to compute an incremental distance to stop which would have been 
realized if the wetted test section had been sufficiently long. The incre- 
mental distances used were as follows; 


Run 

(+)AS, ft 

50 

1111 

53 

1119 

52 

1067 

56 

173 


The stopping distances for these runs shown in table IX include these incre- 
mental values, 

4,4.2 All of the data points obtained at Edwards for the aircraft, DBV, 
and Mu-Meter are shown in figure 29(c). In all cases, the aircraft data fall 
outside of the correlation boundaries. This, again, is caused by the low 
friction realized as a result of wheel lockups and reverted rubber skidding. 

It is also evident in these data that the new tires effect a reduction in 
the aircraft SDR. Figure 33 shows the actual time histories of the pertinent 
aircraft parameters for dry, wet (two wheels locked), wet (four wheels locked). 
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and wet (no wheels locked, reverse thrust applied and brake application 
speed = 9^ knots). The computed coefficient of friction values are also 
given in these figures. For figure 33(d), the magnitude of the computed 
friction coefficient is higher than actual since the effect of reverse 
thrust was not included in the calculation. This effect will be considered in 
the final report. 

1+.5 Seattle-Tacoma International Airport 

4 . 5 • 1 Three dry and five wet maximim braking runs were made at Sea-Tac on 
rimway 16R. In addition, two runs were made using normal reverse thrust on 
all engines and maximum braking after touching down in the wetted test section. 
It is characteristic of the Sea-Tac grooved rimway that in a matter of seconds 
after the water tankers passed a water depth measuring station there was no 
measurable depth of water on the runway. Thus, only a damp condition was 
available for test. This is reflected in all the data shown in figiire 29(d) 
where the stopping distance ratios in the cases of the aircraft and DBV are 
very nearly 1.0 and the friction measurement taken by the Mu-Meter is but 
slightly less than for the dry condition. Figure 3^ presents typical time 
histories of the pertinent aircraft parameters for the dry and wet (damp) 
surface conditions. The computed coefficient of friction values are also 
given in these figures. It is typical of some grooved runways that tire 
tread cutting (chevron cutting) is produced at the initial contact and spin- 
up of the aircraft tire. The runway at Sea-Tac produced such cutting as is 
shown in figure 30. 

k.6 Lubbock Regional Airport 

i)-.6.1 Four dry and seven wet maximum braking runs were made at Lubbock 
Regional Airport on runway 08 l, In addition, two dry and two wet runs were 
made using normal reverse thrust on all three engines and maximum braking. 

On run 98 the brakes were applied gradually over a period of approximately 
five seconds rather than in an abrupt manner as in all the other maximum 
braking tests. This was done to assess the stopping distance associated with 
a normal airline stopping procedure. The water depth variation with time 
for the wet runs is included in figure 29(e). Each r\m was faired separately 
to obtain the data shown in table IX. The average water depth varied from 
O.O2L inch to 0.03^ inch. Five of the wet runs experienced lockups of the 
two main outboard wheels. Table XI shows the time of wheel lockup after 
brake application and the number of anti-skid system pressure/release cycles 
which occurred prior to lockup. The smooth asphalt surface at Lubbock did 
not produce the type of reverted rubber skid patches on the main gear tires 
as produced at the other airports. While it is not fully understood at this 
point, one explanation is that this runway has no raised surface irregiilarities 
or macro structure, thus the mechanism for generating high temperature rubber 
reversion in the tire footprint from tire hysteresis effects was absent. Conse- 
quently, the wheels are thought to be experiencing a purely viscous hydroplaning 
phenomenon rather than a reverted rubber type of skid. Reference 3 describes 
the various types of hydroplaning phenomena. 

k.6. 2 All of the data points obtained at Lubbock are shown in figure 29(e). 
In all cases where wheel lockup occurred, the data points fall outside of 
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the correlation boundaries. Once again, the effects of new tires can be 
seen. It is interesting to note that on this smooth asphalt surface the 
MU“Meter predicts a more slippery surface than either the DBV or the aircraft. 
This phenomenon will be discussed in 4.8.3. Figure 35 presents actual time 
histories of the pertinent aircraft parameters for dry, wet (no wheels locked) 
and wet (two wheels locked). The computed coefficient of friction values are 
also given in these figures. 


4.7 John F. Kennedy International Airport 

4,7.1 Two dry and two wet maximum braking riins were made at JFK airport 
on runway 22L. Low visibility, instrument weather precluded making more 
runs at JFK since the test runway was the primary instrument landing runway. 
As in the case at Sea-Tac, the grooved riuiway at JFK, in general, showed no 
measurable water depth after wetting. However, the runway surface is not as 
smooth as that at Sea-Tac and isolated water puddles were in evidence after 
wetting had taken place. All the data points obtained at JFK are shown in 
figure 29 (f). Only one Mu-Meter reading was taken on the wetted surface 
since the urgency of opening the runway to scheduled traffic after the last 
aircraft stop eliminated time for a Mu-Meter run. This same condition also 
precluded rewetting the runway for the second wet aircraft test. The two 
aircraft points obtained at JFK fall within the correlation boundaries. Fig- 
ure 36 presents actual time histories of the pertinent aircraft parameters 
for dry and wet (damp) conditions. The computed coefficient of friction 
values are also shown in these figures. _ 


4,8 Analysis of Results 


4,8.1 The anti-skid braking system design used in these tests allowed 
wheel lockups to occur over a wide range of weights, brake application speeds, 
water depth and surface texture conditions. Because these wheel lockups 
produced reverted rubber skids, the deceleration realized by the airplane 
under these conditions was much less than if all wheels had been t\irning at 
some slip ratio less than one-. To briefly study this problem, four runs were 
selected to detennine the magnitude of coefficient of friction variation 
between dry, wet (all wheels rolling) and wet (four wheels locked) conditions 
Runs 39s 40, 48, and 50 were investigated. Runs 39 and 48 are dry stops at 
Houston and Edwards, respectively. Figure 37 shows that the coefficient of 
friction produced by the airplane/anti-skid system/ rimway surface combination 
to be of comparable magnitude and shape over the speed range considered. 

Run 4o at Houston represents a wet, all wheels turning, case and shows a 
continuous increase in friction as the speed decreases which is an expected 
normal condition. Run 50 at Edwards exhibits the characteristic of very 
small changes in friction over the speed range experienced and confirms the 
low friction results obtained at NASA's Landing Loads Track during reverted 
rubber tests made in I965 as shown in the upper portion of the figure (ref. 3) 
In both the laboratory and on the aircraft , it is seen that creation of 
reverted rubber appreciably reduces the friction available for stopping. 

Since neither the DBV or Mu-Meter generated reverted rubber luider any of the 
conditions tested, it is concluded that there can be no correlation between 
either of these vehicles and the aircraft when the aircraft has either two 
or fo\ir wheels locked. For this reason correlation comparisons were made 
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using only that aircraft data in which no wheel lockups occurred. 

k.Q.2 Figure 38 shows the comparison of the aircraft and DBV stopping 
distance ratios for the data points obtained without wheel lockup. The 
worn tire data generally fall inside the ±10 percent correlation boundaries. 

In three cases ^ one at Wallops, one at Lubbock, and one at Sea-Tac, the 
effect of new tires is to reduce the aiirplane SDR which means, in these 
cases, the DBV is predicting conditions conservatively, i.e. , more slippery 
than the aircraft will experience. The data obtained at Sea-Tac show that 
the airplane always realizes a lower SDR than the DBV and, although the 
exact mechanism is not fully understood, it is believed that the higher 
pressure aircraft tires tend to "bite" into the grooves during braking thus 
realizing more friction than either the DBV or Mu-Meter. In the more slippery 
conditions, represented by SDR’s greater than 1.8, the DBV is correlating 
within the ±10 percent boundary conditions for the worn aircraft tire condi- 
tion. The number of data points is admittedly small and it is anticipated 
that the forthcoming DC-9 tests in February' 1972 will add sufficient points 
to this figure to enhance confidence in the correlation now shown. 

U.8.3 Figure 39 shows the aircraft SDR and the DBV SDR plotted against 
Mu-Meter friction reading at J+0 mph. The scatter in the aircraft data led 
to the plot of the DBV /Mu-Meter data in an attempt to understand the trend 
indicated in the aircraft SDR/Mu-Meter plot. When all data except Lubbock 
are considered in the DBV /Mu-Meter plot, there appears to be reasonable 
correlation as shown by the line extending from a Mu-Meter reading of 0.85 
and DBV SDR = 1.0 to a Mu-Meter/DBV SDR value of 0.38/2.i+. It would appear 
that for more slippery surfaces , the line should be extended as indicated 
by the dashed portion. However, when only the Lubbock data are considered, 
a completely different slope to the correlation line appears logical and 
when the data are combined a Mu-Meter value of 0.ii9 is determined, below 
which the Mu-Meter may or may not predict the airplane/DBV performance 
depending on the type of surface texture and/or water depth that may be 
encountered. Rote that the lines faired through the aircraft data differ 
slightly from those of the DBV /Mu-Meter plot. The differences are Justified 
by the slight difference in the actual data. Although it is not exactly 
clear why the Mu-Meter shows the Lubbock surface to be more slippery than 
either the aircraft or DBV, it is hypothesized that the low, 10 psi, pressure 
tires on the Mu-Meter may actually be experiencing hydroplaning on the 
smooth surface even though the water depth was only 0.030 inch. This phe- 
nomenon deserves further evaluation which will be done during the forth- 
coming DC-9 test program in February 1972. 

4.8.U One other approach was used to compare the aircraft and the ground 
vehicles. Data from table IX were used to obtain a runway slipperiness raxxking 
based on the average SDR values of the airplane with worn tires (no wheel 
lockups), the average of the DBV. SDR 's and the average of the wet Mu-Meter 
friction readings. This comparison is shown in table XII on page 21. It can be 
seen that, with the exception of Edwards AFB where no valid aircraft data 
were available, the aircraft and DBV rate the runways in the same order 
whereas the Mu-Meter rates Lubbock as being more slippery than either Edwards 
or Houston. 
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Tatle XII.- Slipperiness ranking of runways. 

Airplane DBV Mu-Meter 


Runway 

Ranking 

SDR** 

Ranking 

SDR** 

Ranking 

]J.^^ 

Sea-Tac 

1 

1.102 

1 

1.280 

1 

0.748 

Wallops 

2 

1.353 

2 

1,428 

2 

0.710 

JFK 

3 

1.583 

3 

1.630 

3 

0.552 

Lubbock 

4 

2.007 

4 

2.164 

6 

0.339 

Edwards 

* 

* 

5 

2.234 

5 

0.424 

Houston 


2.230 

6 

2.374 

4 

0.442 


*No value available. All aircraft wet runs had locked wheels. 
**Average of all valid points. 


4.8.5 To gain some insight into the meaning of the water depths realized 
from the artificial wetting used in these tests, figure 40 is presented. This 
figure shows some meager data obtained at two airports under varying intensities 
of natural rain. The five data points, by no means conclusive, do indicate 
a trend of water depth as a function of rain rate under actual conditions. 

From these data it is seen that it only takes a rain rate of approximately 0.1 
to 0.2 inch per hour on these runways to produce a water depth of 0,03 inch. 

The important conclusion that may be drawn at this point is that for the 
type of anti-skid system used on the B-727 aircraft only a small rain rate is 
required to create conditions under which wheel lockup is liable to occur when 
maximum brakes are applied at normal landing speeds on typical ungrooved 
asphalt and concrete runways . 


5.0 REFERENCES 

5.1 Anon.: Pavement Grooving and Traction Studies, NASA SP-5073, 19 ^ 9 > 

5.2 Yager, Thomas J.; Phillips, W. Pelham; Horne, Walter B. ; and 

Sparks, Howard C, (With Appendix D by R. W. Sugg): A Comparison of Aircraft 

and Ground Vehicle Stopping Performance on Dry, wet. Flooded, Slush-, Snow-, 
and Ice-Covered Runways. NASA TN D-6098, 1970. 

5.3 Horne, Walter B. ; Yager, Thomas J.; and Taylor, Glenn R.: Review 

of Causes and Alleviation of Low Tire Traction on Wet Runways. NASA TN D-44o6, 

1968. 
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Ta\»le I,“ B~72T aircraft stopping distance instnaaentation., 


Recorder 


Variable 


Groxmd Speed 

(also displayed to pilot) 


Stopping Distance 

(also displayed by rey. counter in 

cockpit ) 


Instrument 


Nose Wheel Antiskid Detector 


Hose Wheel Revolution Pulses (2/rev) 


Main Gear Wheel Speed (each vheel) Main Gear Wheel Antiskid Detectors 


Engine rpm 
(Ho. 1 and Ho« 2 


Brake Pedal Position 
(left and right) 


(each main gear wheel) 


Antiskid Valve Position 
(each main gear wheel) 


Longitudinal* Lateral., and 
Vertical Accelerations at c< 


Aircraft Heading 


Aircraft Pitch Attitude 


Spoiler Position 



Voltage Applied to Valve Solenoid 


Accelerometers 


Yaw Attitude Gyro 



X 

(± 360®) 


X 

(± 15®) 



Boeing Phototheodolite 


35 mm film camera* 10 frames /sec 
(Time correlated with NASA recorders) 





















Measurement 


Remarks 


3-Axis Acceleration G.G. (3) 

± 1 G 

2-Axis Acceleration Cabin (2) 

± 1 G 

Pitch Angle Relative (1) 

+ 20° 

Yaw Angle Relative (1) 

+ 178° 

Pitch Angle Vertical (1) 

+ 15° 

Engine RPM #1 & #2 (2) 

40 - 110% 

Brake Pedal Position (2) 

Full Scale 

Spoiler Handle Position (1) 

Full Scale 

Brake Pressure (4) 

0 - 3000 psi 

Ground Speed (1) . 

20 - 150 Kts 

Anti-Skid Valve Voltage (4) 

0-10 Volts 

Main Wheel Velocities (4) 

20-0 Volts 

Events (1) 

Full Scale 

Time 

999 second 


6 cps 


12 cps 


5 cps 


5 cps 


5 cps 


5 cps 


5 cps 


5 cps 


60 cps 


5 cps 


60 cps 


60 cps 


600 cps 


+ .01 G 


+.01 G 


+0.4° 


+1.4% 


+1.4% 


+1.4% 


+40 psi 


+1.5 Kts 


+0.1 Volt 


+0.2 Volts 






+1 part in 
3000 


Accuracy is for 30-second data 
period with gyro drifts 


Accuracy is for 30-second data 
period with gyro drifts 


Accuracy is for 30-second data 
period with gyro drifts 


Percent full scale 


Percent full scale 


Frequency response excludes 
pressure tubing 


Accuracy excluding anti-skid 
box and sensor 


Accuracy excluding anti-skid 
box and sensor 


Excluding operator 


Has 0,1 sec. pulses 























































































































Table IV,- NASA diagonal-braked vehicle (DBV) instrumentation. 


NO 

VARIABLE 

INSTRUMENT 

VISUAL 

DISPLAY 

RECORDER 

(6-CHANNEL) 

1 

Ground speed 

DC generator (5th wheel) 


X 

2 

3 

1 

Brake application speed 

1 , 

Stopping distance 
(from brake application) 

Magnetic actuated reed 
switch coupled with 
crystal controlled timer 
(5th wheel) and hold circuit 

Digital (l mph units) 
Digital (l foot units) 


k 

Brake application speed 

DC generator (5th wheel) 
and hold circuit 

Digital (O.l mph units) 


5 

Stopping distance 
(from brake application) 

Magnetic pick-up 

(5th wheel) & hold circuit 

Digital (l foot units) 


6 

Stopping distance 
(from brake application) 

Revolution counter 

(5th wheel) & hold circuit 

Digital (l coimt/rev. ) 


T 

Main wheel speed 
( each wheel ) 

DC generators 


X 

8 

Longitudinal 

acceleration (approx, c.g.) 

Accelerometer 


X 

9 

Brake application 

Brake pedal 
micro- switch 

X 

X 

(Event channel) 

10 

Timer 

Crystal oscillator 















T 


V 


,d 


CONDITIONS 


AIRCRAIT TIME 
RUN OF 

HO» test 

HH-MIH 


GROUND 
SPEED, KNOTS 
(NOSE WHEEL) 



10 

1549 

m 

11 

1607 

108 

13 

0804 

110 

12 

0850 

Il4 

21A 

1227 

110 

18 

1252 

120 

14 

1600 

118 

17 

1629 

122 . 

m 

0816 

78 



FUEL 
LOAD, 

GROUND NOSE 
FF I VISUAL WHEEL 
CTR. 


1039 1112 19 000 


128U 1383 15 000 


1678 1772 9000 


2269 2U96 5000 


2080 2196 42 000 


2268 2374 38 000 


1672 1734 42 000 


1618 1726 37 000 


811 873 46 000 


•Run 30 vas accel 


C.G. GROSS 

% WEIGHT, 

MAC LB 


32,4 113 500 


33.2 109 500 


34.5 103 500 


34.9 99 500 



28.8 


30.6 132 500 


28.8 136 500 


31.2 131 500 


26.5 142 000 


test 


Worn 40 


Worn 30 


Worn 30 


Worn 4o 


30 


Worn 4o 


Worn 30 


Worn 4o 


Nev 40 



ATMOSPHERIC CONDITIONS 


WIND 


VEL., HEAD., 
KNOTS DEG. 


AJSIETT AIR 
TEMPERATURE, 
OF 

RELA- 

TIVE 

HUMID- 

DRY 

BULB 

WET 

BULB 

ITY, 

% 




RUIWAY CONDITION 


ARTIFICIAL 

WETNESS WETTING TEST SURFACE 

ON SURFACE TEMP., 

WATER TIME GALLONS LENGTH ®F 

DEPTH, TO WET, OF FT ’ 

IN. MIN WATER 

USED 


10 72 66 70 


10 72 66 70 


10 65 64 96 Calm 


10 1 68 67 96 


10 72.5 68 85 


10 73 69 85 


10 76 70 76 


10 75 70 78 


28 69.5 68 98 


090 30,01 


080 30.02 


30.02 


200 30.03 


180 30.02 


190 30.00 


Dry- 


Dry 


0.010 11 


3000 90 


3000 90 











































































































































































































Dates lO/T/71 



Table V,- Continued. 

(b) Houston Intercontinental Airport, 


AIRCRAFT COHDITIOHS 


ATMOSPHERIC COHDITIOHS 


AIRCRAFT TIKE 
ROH I OP 
TEST 
HR«HIH 



DISTAHCE, 

FT 


BRAKE BRAKE GROUHD HOSE 
OH OFF VISUAD WHEEL 
CTH. 


FUEL C.O. GROSS 

LOAD, % WEIGHT, 

IS MAC LB 



WIKI 

1 

VEL., 

KNOTS 

READ., 

DEO. 



HETHESS 
OR , 

WATER TIME 
DEPTH, 1 TO WET 
IH. 


RUNWAY CONDTPIOH 


ARTIFICIAL 

WETTING 



27 00® 

31.2 

121 500 

Worn 

1*0 

08L 

73 

mm 

61 

mm 

■ 

29.99 

23 ZOO 

31.6 

117 700 

Worn 

UO 

08L 

75 

66 

60 

mm 

30.00 

19 000 

32. >• 

113 500 

Worn 

1)0 

08 L 

74.5 

76.5 

6l 

2 

JfE- 

30.00 

lU 000 

33.1* 

108 500 

Worn 

1)0 

08L 

79 

68.5 

56 


30.01 

1)6 200 

27.3 

lUO 500 

Worn 

1)0 

08 l 

■ 

71 

35 

6 

08 o 

30.00 

39 000 

29.3 

133 500 

Worn 

1)0 

08L 

88 

71 

33 

3 

080 

29.99 

1)6 000 

27.3 

lUo 500 

Hew 

ko 

08 l 

89 

68 

32 

mm 

29.95 

U2 500 

28.6 

137 000 

Hctf 

1)0 

08L 

90.5 

69.5 

32 


29.94 

1)1) 000 

28.0 

138 500 

New 

40 

08L 

91 

19 

30 

6 

100 

29.93 

36 500 

31.3 

131 000 

New 

40 

08L 

88 


35 

3 

130 

29.93 





X3 


4000 

116 

4000 

105 

4000 

101 




















































































































































































































Tabli 


GROUSD 
SPEED, KHOXS 
(HOSE WHEEL) 


DISTAHCE, 

pr FUEL 

T/iin. 


GROSS 

KAIH 

WEIGHT, 

GEAR 

LB 

TIRES 




ATMOSPHERIC 


AMBIEKT AIR 
TEtffERATURE, 
^TESI op 

HAI 


Ito 0 ^ 


30 o !* 60 1 * 7.5 35 


1*0 Ol* 1 62.5 1*7 30 


1*0 Ol* 62.5 


30 Ql* 66.5 


30 Ok 82.5 59.5 25 


1*0 Ol* 86 6o 19 


30 Ol* 186 62 21 


1*0 ol* 91 63 17 


30 I Ol* jio6 I 70 I 15 


1*0 Ok |io6 68 12 


Ol* |iq8 66 ■ 


1*0 04 97 66 18 


4o 04 92 64 19 


RUKWAI COHDITIOH 


ARTIFICIAL 

WETTIHG 


TEST 
SURFACE 
LEIiGTB , 
FT 










































































































































































































































































































Table V .« Continued. 

(d) Seattle-Tacma International Airport 


AIRCRAFT COHDITIOHS 


AIRCRAFT TIME 
HUH I OF 
TEST 
HR-MH3 


GROUND 
SPEED, KNOTS I DISTANCE 
(NOSE WHEEL) FT 


BRAKE BRAKE 
ON OFF 


62 

1559 

106 

63 

1620 

112 

67 

0825 

101 

71 

0845 

118 




FUEL 

LOAD, { 

nose ^ 

WHEEL 

OTR. 


GROSS MAIN 

WEIGHT, GEAR 
LB TIRES I D: 




748 86l 23 800 28.0 119 500 Worn 40 


848 


889 1015 16 800 28.8 U2 500 Worn 4o 




1400 1537 42 200 26.1 138 000 Worn 4o 


1528 1679 38 000 27.8 133 800 Worn 4o 


l4l4 33 800 28.3 129 500 ' Worn 4o 


1128 1232 30 300 27.8 126 000 Worn 40 


1236 1390 24 100 28.0 119 800 Worn” 40 


1548 20 100 28.4 115 800 Worn 4o 


1166 1280 4l 200 26.3 137 500 New 4o 


1598 1730 37 100 27.8 133 600 New 40 



ATMOSPHERIC CONDITIONS 


A/fflIENT AIR 
TEJ'iPEHAIUEE, 
OF 


DRY WET 
BULB BULB 


Dates 10/11-12/71 


RUNWAY CONDITION 


Worn 

4o 

16S 


Worn 

4o 

i6r 

58 

Worn 

4o 

i6r 

58 

Worn 

40 

i6r 

59.5 

Worn 

40 

16r 

58 

Worn 

4o 

16r 

64 

Worn 

4o 

i6r 

60.5 

Worn 

4o 

i6h 

62 

Worn 

4o 

i6r 

72 

Worn' 

40 

i6r 

75 

Worn 

4o 

i6r 

65 

N«v 

4o 

i6r 

50 

New 

4o 

i6b 

50 







































































































































































































































































Table V 


Continued 


(e) Lubbock Regional Airport . 




aircraft cohditiohs I 

ATMOS 

PHERIC 

AIRCHAPr 

HUH 

HO, 

TIME 

OF 

TEST 

HR-HIH 

GROUND 
SPEED, KHOTS 
(NOSE VHEEL) 

■■'STSPFBiiS 

DISTANCE, 

IT 

FUEL 

LOAD, 

LB 

9 

GROSS 

WEIGHT, 

mw 

GEAR 

FLAP 

ANGLE, 


AMBIENT AIR 
TEIffERAIURE, 

op 

REU- 

TIVE 

HUMID- 

BRAKE 

ON 

BRAKE 

OFF 

GROUND 

VISUAL 

NOSE 

WHEEL 

CTH. 

MAC 

LB 

TIRES 

DEQ.' 

DRY 

BULB 



WET 

BULB 

m, 

% 

12 

0621) 

SB 

Hi 

1521) 

1687 

25 000 

27.6 

122 000 

Worn 

40 

08 L 

51.5 

45 

62 

T3 

081)6 

123.5 

IB 

ll)52 

1639 

20 800 

26.0 

117 200 

Worn 

4o 

o8l 

51.0 

45 

62 

— 

0905 

109.5 

m 

644 

1027 

15 800 

28.7 

112 200 


4o 

08L 

51.5 

45 

62 

■■ 

1100 

120.0 

m 

3765 

3855 

39 700 

26.6 

136 100 

Worn 

4o 

08L 

HI 

m 

B 

T9 

1131 

123.0 

m 

4291 

4361 

34 000 

27.8 

130 000 

Worn 

40 

08L 

65 

B 

B 

Bi 

1200 

112 

m 

1740 

1924 

28 200 

27.5 

124 200 

Worn 

1)0 

08L 

66 

— 

B 

T5 

1231 

112 

m 

3161 

3239 

23 400 

27.7 

119 400 

Worn 

4o 

08L 

68 

53 

35 

76 

1301 

113 

m 

3304 

3369 

18 000 

28.5 

ll4 000 

Worn 

40 

08 l 

68 

54 

37 

mm 

1332 

103 

m 

1556 

1659 

13 500 

29.2 

109 500 

Worn 

40 

08 l 

TO 

55 

38 

81 

I53I) 

131 

m 


2169 

37 600 

27.6 

133 600 

Hew 

40 

o8L 

73.5 

57.5 

35 

82 

I55I) 

123.5 

m 

1487 

1687 

34 000 

27.8 

130 000 

M 

40 

08L 

74.5 

57 

37 

83 

1610 

116.5 

m 

1703 

1833 

30 500 

27.5 

126 500 

B 

UO 

08L 

75 

58 ■ 

38 

8I» 

1652 

133 

m 

4045 

4092 

4l 000 

26.4 

137 000 

QIB 

4o 

O 8 L 

73 

56.5 

30 

85 

QH|| 

126 

m 

3245 

3464 

35 800 

28.0 

131 800 

P 

4o 

061 . 

72 

58 

4o 

98 

1T50 



3290 

3192 

30 000 

27.5 

126 000 


4 o 

08L 

72 

57 

38 



;■ 



■1 

Ml 




B 


■ 

B 






























































































































































































































































































Table V*». 


Concluded 


(f) J.F.K. International Airport 


AIRCRAFT COHDITIOHS 




GROUND 

AIRCRAFT TIME SPEED, KNOTS DISTANCE, 

RUN OF (NOSE WHEEL) FT 

TEST 

HR-MIH BRAKE BRAKE 
ON OFF 


FUEL 

LOAD, * 
NOSE ^ 

WHEEL 

CTR. 


GROSS 

MAIN 

WEIGHT, 

GEAR 

LB 

TIRES 


ATMOSPHERIC CONDITIONS 


At!BIE:.T AIR RELA- 
TElffERATURE, TIVE WIND 

TEST ®F 

RAi ______ HUMID- 
ITY, 

DRY WET % 


Date.* 10/15/71 


RU::WAY CONDITION 


BULB BULB 


KNOTS DEG. 


WETRESS 

ARTIFICIAL 

WETTING 

WATER 

DEPTH, 

IN. 

TIME 
TO WET, 
MIN 

GALLONS 

OF 

WATER 

USED 


86 

lU2U 

lEsmi 

1080 

1185 

2U 000 

27.6 

120 000 

Worn 

liO 

22L 

ST 

lltU3 

112 

B 

1298 

lUl8 

20 600 

28.1 

116 600 

Worn 

30 

22L 

88 

i5oi» 

105.5 

B 

l8lU 

1908 

16 300 

28.7 

112 300 

Worn 

ItO 

22L 

HI 

1515 

105.5 

B 

1582 

1679 

lU 800 

29.0 

110 800 

Horn 

30 

22L 


210 30.13 1 Dry 


200 30.13 I Dry 


180 io.l6 I Damp 


3000 90 


3000 89 


5000 3000 8U 


3000 81i 





































































































Table VI,- Runway test section average water depth for full stop aircraft tests (based on average 
water depth measurements taken beside the left main, nose, and right main aircraft 
wheel tracks in runway test section) , 


AIRCRAFT 

RUN HO* 

TIME OF 
TEST 

(local) 


WATER DEPTH MEASUHEMEBT 


AIRCRAFT 

AIRPORT HUN HO. ItIME OP 
TEST 
(LOCAL) 


WATER DEPTH MEASUREMENT 


TIME 


LOCAL RELATIVE 
TO A/C 
TEST, 
MIN 


AVERAGE AIRPORT 
WATER 
DEPTH, 

IN. 



AIRCRAFT 

RUN NO. 

TIME OF 
TEST 
(LOCAL) 

B 

1100 

79 

1131 

80 

1200 

75 

1231 

76 

1301 

77 

1332 

81) 

1652 

85 

1718 

98 

1750 


WATER DEPTH MEASUREMENT 


TIME 



171)7 

-3 

1751 

+1 



GROOVED RUNWAY 

HO MEASURABLE 
WATER DEPTH 

SURFACE DAMP WITH 
SOME ISOLATED PUDDISS 































































































































































































































Table VII 


Basic DBV and Mu~Meter dry surface data for full stop aircraft tests 


AIRPORT DATE TEST 
VEHICLE 


„„„„ THJ5PERATURE, °F 
TIME TEST — 

OF SECTION AMBIENT RUNWAY 
TEST, AREA AIR SURFACE 
KR-MIN COVERED 


NASA DBV 

STAKfiARfi" PROTOTYPE 

INSTRUITOTS IWSTRWIEMTS 

BRAKING [STOPPING BRAKING STOPPING 
SPEED. DIST., SPEED, DIST, , 
MPH FT MPH - FT 


MU-METER 

FRICTION READING 

INTE- RECORD 

GRATED AVERAGE VIAXIMUM MINIMUM 
AVERAGE VALUE VALUE VALUE-- 








































































































































































































































































AIRPORT 


DATE 



Concluded 



























































































































































































































































































































































DBV 


DBV 


B-.727 


MU~M 



I Table VIII,- Continued, 

(a) Airports HASA Wallops Station, 



TIME 

OF 

TEST, 

HE-MIH 



TEST 

SECTION I STANDARD 

AREA I INSTRUI'ffiNTS 
COVERED 

1 SPEED. I D 


NASA DBV 


PROTOTYPE 

INSTRUMEirrS 


13 

1220 

14 

1221 

■sjsai 

1222 

21A 

1227 

14 

1229 

15 

1229 

15A 

1230 

15 

1233 



16 

1246 

16 

1246 

16a 

1247 

18 

1252 

17 

1254 

17 

1254 

17A 

1255 



MU-METER 


test FRICTION READING 

SPEED, INTE- RECORD 

MPH GRATED 

AVERAGE AVERAGE 
VALUE 


40 0,60 0.58 1 0,72 I 0.39 



429 

59 

459 

447 

60 

448 



4 o 

! 0.74 1 

0.73 

0.78 

0.59 


59.8 

4 i 4 

60 

427 

60.5 

424 

60 

427 




4 o 

0.71 

0.71 

0.77 i 

0,51 


59.2 

465 

60 

60.7 

44i 

61 



































































































































Table VIII 


Continued 


(b) Airport; Houston Intercontinental, 



TEST 

VEHICLE 

RUN 

NO. 

TIME 

OF 

TEST, 

HR-MIN 

MU-M 

3 

O9I45 

DBV 

2 

O9I45 

DBV 

2 A 

O9I46 

B -727 

UO 

0950 

MU-M 

l 4 

0952 

DBV 

3 

0953 

DBV 

3 A 

095*4 


TIME 

FROM 


(-)BEF 

(+)AFTER 


TEST 

SECTION 

AREA 


NASA DBV 


STANDARD 

INSTRUMENTS 


PROTOTYPE 

INSTRUMENTS 


TEST 

SPEED, 

MPH 


MU-METER 


FRICTION READING 


INTE- RECORD 

GRATED 

AVERAGE AVERAGE 
VALUE 



61. 14 

873 

60 

877 

61.5 

68U 

62 

688 


MU-M 

5 

1020 

-3 

A«>G 

DBV 

I4 

1020 

-3 

A 

DBV 

I4A 

1021 

-2 

D 

B-727 

Ul 

1023 

0 

A-E+ 

MU-M 

6 

1025 

+2 

A-G 

DBV 

5 

1025 

+2 

A 

DBV 

5 A 

1026 

+3 

D 


59.9 

■ 912 

60 * 

917 

61.3 

829 

61 

835 


60,14 

891 

60 

60,14 

715 

60 


60 0 ,I »3 0.142 



DBV 

6 

1235 

-7 

A 

59 . 14 

889 

60 

892 


DBV 

6a 

1236 

-6 

D 

60.3 

73I4 

61 

7I45 


DBV 

6b 

1237 

-5 

G 

61.3 

856 

59 

860 


B-727 


MU-M 


DBV 


DBV 


DBV 

























































































































































































Table VIII 


Continued 


(b) Airports Houston Intercontinental , 


NASA DBV 


PROTOTYPE 

INSTRUMEHTS 




MU-I4ETER 


FRICTIOH READING 


RECORD 

















































































































































































Table VIII 


Continued 



TEST 

RUN 

VEHICI£ 

NO. 

MU-M 

3 

DBV 

2 

DBV 

2A 

B-727 

50 

MU-M 

U 

DBV 

3 

DBV 

3A 


TIME 

OF 

TEST, 

HR-MIN 

i 

i 

! 

TIME 
FROM 
AIRCRAFT 
TEST, MIN 
(-)BEF 
(+)AFTER 

0826 

-3 

0826 

-3 

0827 

-2 

0829 

0 

0832 

+3 

0832 

+3 


(c) Airport: Edwards AFB. ' 


NASA DBV 


TEST 

SECTION STANDARD 
AREA INSTRUICTTS 
COVERED BRAKING ISTOPPING 
SPEED, DIST, 


PROTOTYPE 

INSTRUMENTS 


STOPPING 

DIST, 


MU-METER 


FRICTION READING 


IHTE- RECORD 

GRATED 

AVERAGE AVERAGE 
VALUE 


MU-M 


DBV 


DB 


B-T27 


MU-M 


DBV 


DBV 


DB 


5 

0858 

R-2 

0858 

R-2A 

0859 

5OA 

0902 

6 

0904 

R-3 

090U 

R-3A 

0905 

R-3B 

0906 



40 

0.36 i 

0.35 

0.38 

0.32 




60.3 

830 

60 

833 

60.5 

746 

61 

765 

60.2 

■m 

60 

728 


884 

61 

886 

781 

59 

783 

829 

60 

838 


60.4 

792 

1 59 

799 

60,3 

740 

60 

744 

59.9 

787 

i 60 

790 
























































































































































































Table VIII 


Continued 


(c) Airport; Edwards AFB, 


TIME 

FROM 

AIRCRAFT 


TEST 

SECTION 

AREA 



NASA DBV 


STANDARD 

INSTRUMENTS 


PROTOTYPE 

INSTRUMENTS 


HR-MIH ^ST.MIN COVERED} BRAKING I STOPPING! BRAKING 


SPEED. 


MU-M 

11 

1128 

DBV 

8 

1128 

DBV 

8A 

1129 

DBV 

8B 

1130 

B-727 

52 

1132 

MU-M 

12 

1134 

DBV 

9 

1134 

DBV 

9A 

1135 

DBV 

9B 

1136 


DIST, 

FT 


SPEED. 


59.6 

923 

59 

6o,4 

831 

60 

6o.6 

923 

6o 



59.9 

800 

59 

60.0 

754 

60 




60.2 

823” 

60 

60.3 


60 

60.1 

810 

6l 



59.2 

865 

60 

866 

59.7 

842 

59 

842 

mm 

906 

60 


17 



MU-METER 


TEST FRICTION READING 

SPEED, “iHTE- RECORD 



40 1 

0.33 

0.33 1 

0.37 

0.30 


60.2 

930 

60 

930 

59.9 

811 

60 

813 

6o,o 

904 

6o 

906 






































































































































































































































































































Table VIII 





























































































Table VIII 


Continued 



10/11/71 DBV 


DBV 


MU-M 


B-T27 


DBV 


DBV 


MU-M 



(d) Airport; Seattle-Tacoma International 


NASA DBV 


TIME TIME TEST 

OF FROM SECTION STANDARD 
TEST, AIRCRAFT AREA I INSTRUMENTS 

HR-MIN test, MIN COVERED 
(-)BEP 
(+)AFTER 


PROTOTYPE 

INSTRUMENTS 


MU-METER 


test FRICTION READING 

SPEED, INTE- RECORD 



8 

Ihkk 

■ -3 

A 

8 a 

lUl+5 

-2 

D 

10 

1 UU 5 

-2 

A-G 

65 

lU^tT 

0 

A-E 

9 

1 U 5 O 

+3 

A 

9A 

1 U 51 

+k 

D 

11 

11+51 

+ 1 + 

A-G 


MU-M 

II+ 

DBV 

12 


60.0 

U 20 

60 

1+20 

60.1 

lill 

60 

1+23 


60 

0.71+ 1 

0.72 

O.7I+ 

0.70 



MU-M 

12 

1506 

-3 

DBV 

10 

1507 

-2 

B -727 

66 

1509 

0 

MU-M 

13 

1512 

+3 

DBV 

11 

1512 

+3 


20 

0.77 i 

0.77 

0,80 

0.7 5 




























































































































































































Seattle“Taco!aa International, 


imm 


MU-M 


DBV 


B-T27 


MU-M 


DBV 


NASA DBV 

STANDARD 

INSTRU:<IENTS 

PROTOTYPE 

INSTRUIOTTS 


MU-J-IETEE 


TEST FRICTION READING 

SPEED, ~INTE- RECORD 

MPH GRATED 

AVERAGE AVERAGE 

VALUE I VALUE 


20 

081*2 

-4 

A-G 

20 

O8U2 

-4 

B 

71 

O8U6 

0 

A-F 

21 

0848 

+2 

A-G 

21 

0848 

+2 

B 


.6 

1 428 1 

159 

1 424 


59.9 

4i2-- 

60 

4l6 





0.t6 


0.76 I 0.77 1 0.75 
























































































































TEST BIOT 
VEHICLE HO. 


Table VIII,- Continued, 
(e) Airport: Lubbock Regional. 


TIME 

OF 

TEST, 

HR-MIN 


TIME TEST 
FROM SECTIO 

AIRCRAFT AREA 
TEST, MIN COVER! 
(-)BEF 
(+)AFTER 


STANDARD 

INSTRUI-IERTS 

PROTOTYPE 

INSTRUMENTS 

BRAKING 

SPEED, 

MPH 

STOPPING 

DIST, 

FT 

BRAKING 

SPEED, 

MPH 

STOPPING 

DIST, 

IT 


MU-METER 


FRICTION READING 


RECORD 


GRATED 
AVERAGE AVERAGE 
VALUE 






1 6o*6 

607 

6l 

62 k 



MU-M 


DBV 


DBV 


B-T27 


MU-M 


DBV 


DBV 


6 

1128 

-3 

A-F+ 

5 

1128 

-3 

A 

5A 

1129 

-2 

D 

79 

1131 

0 

A-G+ 


60 

D.ll( 

0.13 

0.20 


60.1 

682- 

59 * 

685 

59. 

661 

60 

663 


6 

1132 

+1 

B 

6A 

1133 

+2 

E 


60.1 

6Uo 

6o 

61*3 

60.2 

607 

60 

6l0 




B-727 

80 

1200 

0 

A-E+ 



MU-M 

9 


±3 

A-G 



DBV 

8 

1202 

mam 

B 



DBV 

8A 

1203 

+3 

E 


0.68 1 0.66 























































































































































































































































































Table VIII 


Continued 




(e) Airport: Lubbock Regional® 


TEST 


-2 

A-F 

-8 

C 

-2 

F 

0 

HEBSSI: 

+6 

A-F+ 

+1 

C 

+2 

F ■ 


1 NASA DBV 1 

STANDARD 

INSTRUMENTS 

PROTOTYPE 

INSTRUl-SENTS 

BRAKING 

SPEED* 

MPH 

STOPPING 

DIST, 

FT 

BRAKING 

SPEED, 

MPH 

STOPPING 

DIST, 

FT 


MU-METER 


FRICTION READING 


RECORD 






4 o 

0.33 

0.33 

0.1*1* 

0.21 



60 

71*8 

60 

675 


1*0 

0.31 

0.29 

0.38 

0.17 


60.2 


59.8 752 


60 

730 

60 

759 












































































































































































Time correlatea axrcraix xo 





BOEIHO DATA 


HOSE WHEEL COUHTER 


BRAKE 


98.30 1.097 


112. Itl 1.38U 


112.64 1.313 


117.11 1.365 


117.11 1.872 


121.70 1.963 


119.35 1.945 


122.29 1.967 



78.78 0.882 


103.1*7 I 1.301 


103.47 I 1.260 


103.00 1.204 


101.12 1.110 3.123 


109.94 1.698 1,905 


111,70 I 1.666 


116.99 1.923 


122.28 I 2.049 


120.64 2.016 12.286 


114.64 1.722 1 2.431 


107.78 1.382 


120.41 I 1.667 



lOTESs 1. DBV dry stopping distance values, corrected to 60 mph brake application MB “ ManlmOTi brake application *Tvo wheels locked during stop 

speed, were teaperature (anbient air) adjusted according to figure . **Four wheels locked during stop 

2. DBV wet stopping distance values, corrected to 60 mph brake application BB “ Hormal brake application ®*®Airoraft did not stop in 

speed, were time correlated with, aircraft run according to figure S'?. wetted test section 

3. Mu-meter average friction readings for the test section length covered KT “ Heverse thrust 

by the aircraft test were time correlated with the aircraft run according 

to figure^? . For mu-aeter test speeds other than 4o mph, the friction 
readings were corrected to 40 mph base by means of friction reading* 
velocity curves. 
















































































































































































































































































































Table IX 


Continued 



102 900 3780 


139 000 636U 


133 500 6506 


127 200 


121 000 


138 000 


133 900 1678 


139 000 


133 000 



128 500 1505 


748 


869 


119 500 


116 000 


138 000 1400 


133 800 


129 500 


126 000 1128 


119 800 1236 


115 800 


1« DB7 dry stopping distance values, corrected to 60 mph brake application 
speed, vere temperature (ambient air) adjusted according to figure_24* 
a. DB7 wet stopping distance values, corrected to 60 mph brake application 
speed, were time correlated with aircraft run according to figure'2,“y. 

3. Mu-meter average friction readings for the test section length covered 
by the aircraft test were time correlated with the aircraft run according 
_ bo figure 27 • For mu-aeter test speeds other than 40 mph, the friction 
readings were corrected to 40 mph base by means of friction readings 
velocity eurrei. 


109.35 

1.339 

100.65 

1.084 

108.41 

1 . 209 . 

129.58 

2.334 

119.47 

1.905 

122.29 

1.902 

118.53 

1.699 

131.70 

2.393 


131.93 

2.419 

124.64 

2.066 

94.07 

1.137 

89.01 

0,947 

99.36 

1.111 

106,06 

1.552 

114.76 

1.762 

117.00 

1.773 

98.18 

1.214 

104.65 

1.312 

111.24 

1.433 

102.53 

1.445 


5144 


3361 


3970 


6675 


6655 


5639 


2820 


2120 


1785 


2.780»»» j 6161 


2.745 I 5262 


4 . 190 "«« 


3.355 


3.556 


3 . 117 *** 


3 . 784 »»» 


3.207 


1.756 



102.69 1.128 


110.87 1.265 


133.58 2.480 


122.20 1.994 


125.16 1.993 


121.90 1.798 


132.81 2.434 


130.08 2.266 


136.25 2,580 


128.72 2.204 


95.52 1.172 


90.60 0.981 


100.62 1.174 


108.32 1.619 


119.23 1.841 


97.71 1.203 


851 2.473 0.394 


344 800 2.325 0.370 


351 8 U 2.310 0.430 


374 835 2.232 0.430 


380 835 2.197 0.374 


380 856 2.250 0.388 


387 I 851 12.198 0.468 


0.800 


411 855 2.080 0.423 


395 835 2.114 0.470 


388 839 12.162 0.495 


0,770 


1.282 0.745 


4l8 1.273 0.746 


420 1 1.273 0.746 


1646 

114.90 

1.529 

1254 

102.16 

1.435 



MB » Maximtss brake application 
H3 B Somal brake application 
a Beverse thrust 


348 438 


334 437 


*1hro idieels locked during stop 
»»Pour wheels locked during stop 

•••Aircraft did not stop in 
vetted test section 



















































































































































































































































































































































Table IX 


Concli 




HOSE WHEEL COUHTER 


BRAKE 

ON 

GROUND 

SPEED, 

KNOTS 


118.76 1.884 


121.35 1.796 


122.87 1.769 . 


108.18 1.313 


119.93 1.957 


124.05 2.004 


lU.OO I 1.530 


112.88 1.452 


103.47 1.172 


131.93 2.325 


121.70 1.925 


BOEING DATA 


ON BOARD THEODOLITE 


121.07 1.958 




122.66 1.835 


123.67 1.792 


107.33 1.292 


123.72 2.083 


127.39 2.110 


112.60 1.574 


111.71 1.490 


114.49 1.494 


106.21 1.237 


135.50 2.453 


122.42 1.948 



GROUIiO VEHICLES 


NASA DBV IHU-METEH 


AVERAGE 

FRICTION 

READING^ 

AT 

40 MPH 


STOPPISG 
DISTos m 

DRI^ 

WET^ 

313 

417 




1.332 0.753 


0.800 


2.122 

! 

644 

2.090 

2.372 

|313 

641 

2.048 

1.400 

314 

665 

2,117 

2.493 

317 

653 

2.059 

2.592 

317 

709 

2.235 

1.533 

319 

692 

2.169 




84» 

MB 

Wet 

0.031 

73 

137 000 

4o45 

4129 


1.869 

4146 

136.62 

2.557 

1.841 

324 

723 

Hffli 

0.314 

IS 

HB 

Wet 

0.033 

72 

131 800 

3245 

3485 

124,64 

2.047 

1.858 

3502 

128.34 

2.171 

1.832 

323 

740 


0.282 


mm 

Wet 

0.030 

72 

126 000 


3430 

126.58 

2.019 

1.853 

3456 

129.52 

2.114 

1.856 

323 

723 


0,300 


108.17 1.404 


111.23 1.442 


105.82 1.257 


105.35 1.229 



101.42 1.234 


111.48 1.449 


107.40 1.295- 


106.45 1.256 



315 

566 

315 

462 


0.830 


0.830 


1.795 0.552 



NOIESs 1. DBV dry stopping distance values, corrected to 60 mph brake application MB » Hazimun brake application *Two wheels locked during stop 

speed, were temperature (ambient air) adjusted according to figure . eapour wheels locked during stop 

2, DBV wet stopping distance values, corrected to 60 mph brake application HB “ Normal brake application *®»Alrcraft did not stop in 

speed, -were time correlated -with aircraft run according to figure 2.> • wetted tes-fe section 

3. Mu-meter average friction readings for the test section length covered RT •> Reverse thrust 

by the aircraft test were time correlated with the aircraft run according 

to figure 2 . 7 . ^or mu-aetsr test speeds other than 4o nph, the friction 
readings were corrected to 4o mph base by means of friction readings 
velocity curves. 








































































































































































































































































































































Table X,- Comparison of MSA nose wheel coianter, Boeing side-looking 
phototheodolite, and USAF Askania ground phototheodolite 
measurements of aircraft stopping distance and brake appli- 
cation speed at Edwards AFB, 















NASA 

BRAKE 

DISTANCE, 

FT 

BRAKE 

SPEED, 

KNOTS 

1362 

107.78 

1552 

120. Hi 

51U1 

109.35 

3335 

100.65 

39^0 

108. Hi 

6669 

129.58 

6607 

119. H7 

5590 

122.29 

2735 

118.53 

2130 

131.70 

1795 

127.93 

6163 

131.93 

5200 

I2H.6H 

1585 

9H.O7 








BOEING 


BRAKE BRAKE 

DISTANCE, SPEED, 
FT KNOTS 


109.33 


122.17 


110.87 


102.69 


110.87 


133.58 


122.20 


125.16 


121.90 


132.81 


130.08 


136,25 


128.72 


95.52 






1785 


6161 


5262 



I USAF 

BRAKE 

DISTANCE, 

FT 

BRAKE 

SPEED, 

KNOTS 

1322 

108.35 

IH93 

120.63 

■ 508H 

109,82 

33H2 

102. iH 

39HO 

110. H3 

6639 

131.69 

6687 

121. 9H 

5605 

I2H.69 

2713 

120.95 

2082 

131.71 

1733 

129.06 

6217 

136.00 

5222 

127,89 

1586 

95. Hi 































































































TABLE XI,- Sianmary of wheel spin— up times, "brake application, and anti— skid operation during 
B-72T aircraft test runs* 



WHEEL SPIH-UP 
TIHE-SEC 


TIME 


2li-2 TD-M« I 


2U-A TD-HW 


16 TD-MW 


16A TD-NW 


10 MB-Dry 


11 MB-Dry I 


13 MB-Wet 


12 HB-Wet 


18 MB-Wet 


2 > MB-FiaJ 


25 


15 MB-Fl 


19 MB-Fl 


20 HB-Fld 


III 


LOB 

RIB 

KOBE 

0.64 

0.57 



— 


3.80 

■lia 

0.65 



— 

2.03 

0.65 

0.72 

0.17 

0.95 

0.95 

0.18 

0.75 

0.80 

0.20 

0.80 

0.93 

0.15 

0.89 

1.05 

0.15 

0.95 

1.19 

0.15; 


— 





— 

— 

— : 



TO WHEEL 
LOCKUP, SEC 

OUTBD 

ni'BD 






— . 


Bl 

IBS9 

Bl 

KIHHimi 

1 

lESB 

1 



MB-Dry 

IQ2I 

MB-Dry 


TD-HW 

— 

MB-Wet 

Bl 

MB-Dry 

wm 

MB-Dry 

Bl 

MB-Wet 

mm\ 

MB-Wet 

Worr 

MB-Wet 

isi 

MB-Wet 

B 

MB-Dry 

Hew 

MB-Dry 

Hew 


0,10 1 1.U8 


0.32 


0.10 


0.10 


0.10 


0.96| X.isl 0.15 0,10 


1.05 1.20 0.151 0.15 


0.10 


0.761 0.2o| O.IO 


0.80 0.21 0.10 


O.72I 0.91 0.27 0.10 


0.81 0.20 0.10 j 2 .IU 


0.95 0.29 0.10 


o.ed 1.02 0.27 0.10 


1.03 0.23 0.10 


1 . 2 oi O.Ual 0.10 




RIB 

LOB 

RIB 

LOB 



Flooded ungrooved concrete surface 

Flooded uhgrooved concrete surface j apparent bounce j 7 to 9 revolutions before full 
s-Dln-ut) attained 


Flooded grooved concrete surface 


Flooded grooved concrete surfaces apparent bounces 8 revolutions before full spln«up 
attained __ 


Occasional moderate pressure dumps » both wheels 


Occasional moderate pressure dumps - both wheels 


Slight brake pressure applied prior to full application - LOB » «1*2 sees «xb « -0,o7 sec 
pressure dumps - both wheels 


18 nressure apnllcations on LOB prior to lockup; slight pressure on left brake uk5 sec 
prl6r to fuir Application; occasional preaBure*^duap8°on RIB 

Occasional moderate pressure dumps ~ both wheels - 


Full pressure dumps - both wheels 

Ungrooved concrete; A pressure applications on IflB prior to lockup; nose wheel tended 
to spin-down then recovered 

Ungrooved concrete - full pressure dumps - both wheels 

Grooved and ungrooved concrete; deep skids and full pressure dumps on both wheels on 

grooved surface; LOB lockup on ungrooved surface 

Grooved and ungrooved concrete; full pressure dumps on both wheels; nose wheel partial 

spin-down on all surfaces ^ ■ 

Grooved and ungrooved concrete; pressure dumps on both wheels;. no tendency for nose 
wheel to spin-down 


Occasional moderate pressure dumps - LOB 


Occasional moderate pressure dumps - both wheels 


Flooded ungrooved concrete surface; only slight tendency for nose wheal spln-up 


Full pressure dump - RIB; several full pressure dumps - LOB 


Occasional shallow skids and moderate pressure dumps - LOB 


Occasional moderate pressure dumps - WB 


Full pressure dumps - both wheels 


k pressure applications on LOB prior to lockup; full pressure dumps - both wheels 


Full pressure dumps - both wheels 


Full pressure dumps - both wheels 


Occasional moderate pressure dumps - LOB 


Occasional moderate pressure dumps " MB 





































































































































































TYPE 

0 ? 

test 


WHEEL SPIK-UP 
TIME-SEC 


Tim 
TO WHEEL 
LOCKUP. SEC 


DEGREE OP 
WHEEL SKID 


OUTBDIH'BD 


46 

MB-Wet 

Hew 

0.90 

1.10 

0.30 

0.10 

47 

MB-Wet 

New 

0.89 

1.09 

0.22 

0.10 

48 

MB-Dry 

Worn 

0.73 

0.80 

0.23 

0.10 

49 

MB-Dry 

Worn 

0.94 

1.12 

0.23 

0.10 

50 

MB-Wet 

Worn 

0.78 

0.96 

0.23 

0.10 

50A 

MB-Wet 

Worn 

0.82 

0,90 

0.23 

0.10 

m 

MB-Wet 

Worn 

1.03 

1.03 

0.23 

0.10 

53 

KB-Wet 

Worn 

1.08 

1.47 

0.23 

0.10 

52 

MB-Wet 

Worn 

1.00 

1,17 

0.23 

0.10 

53A 

MB-Wet 

Worn 

1.02 

1.32 

0.23 

0,10 

96 

MB-Wet 

Worn 

1.47 

1.43 

1.26 

LOB-2, 6C 
RIB-2.55 

5i 

MB-Dry 

Hew 

1.05 

1.31 

0.23 

0.10 

55 

MB-Dry 

Hew 

1.05 

1.39 

0.26 

0.10 

56 

MB-Wet 

mm 

r ' 

le08 

1.48 

0.13 

0.10 

57 

MB-Wet 

New 

1.00 

1.33 

0,14 

0.21 

97 

Iffi-Wet 

New 

1.46 

1.48 

0,72 

0.12 

58 

MB-Dry 

IQU 

0.64 

0.70 

0.13 

0.10 

59 

MB-Dry 

IQ 

0.88 

1.10 

0.23 

0.10 

64 

MB-Wet 


0.79 

0.86 

0.15 

0.10 

65 

MB-Wet 

I2SS 

0.95 

0.95 

0.20 

0.10 

66 

MB— Wet 


0.70 

0.80 

0.19 

0.l4 

61 

MB-Wet 


0.77 

0.85 

0.26 

0.10 

62 

MB-Wet 


0.79 

1,02 

0.28 

0.10 


MB-Wet 


0.76 

0.20 


67 

MB-Dry 

IjQ 

Q|y| 

0.87 

0.18 

0.10 

71 

MB-Wet 

New 


1.00 

0.20 

0.10 

72 

MB-Dry 

IS 

0.80 

0.99 

0.20 

0.23 


RIB 

LOB 

RIB 

LOB 

RIB 

LOB 


LOB - Left outboard wbeeX 
BIB - Hlglit inboard wheel 
TD - louehdoHB 



7 pressure appUea tlons on LOB prior to lockup; full pressure dumps - both wheels 

8 pressure app lications on LOB prior to lockup 

Occasional moderate pres sure dumps - both wheels 

Occasional modera te pressure dumps - both wheels 

3 pressure applications on LOB and 17 pressure applications on BIB prior to lookup; 
full pressure dum ps - both wheels I 

3 pressure appl ications on LOB prior to lockup; full pressure dumps - both wheels 

3 pressure applications on LOB prior to lockup; full pressure dumps - both wheels 

3 pressure applications on LOB prior to lockup; full pressure dumps - both wheels 

2 pressure applications on LOB and 16 pressure applications on RIB prior to locKup; 
full pressure dumps - both wheels 

4 pressure applications on LOB prior to lockup; full pressure dumps - both wheels 

TD in water; norm^ reverse; brakes on at Il8 knots; 7 pressure applications on IDE 
prior to lockup; full pressure dumps ~ both wheels ' 

Ho skids; no p ressure dumps 

Occasional moderate pr essure dumps - ICB • 

$ pressure applications on LOB prior to lockup; full pressure dumps - both wheels 

5 pressure applications on LOB prior to lockup; full pressure dumps - both wheels 


TD in water; normal reverse: brakes on at 9k knots; full pressure dumps on lOB; 
partial pressure dumps on RIB 

Occasional moderate pressure dumps - both wheels 

Occasional moderate pressure dumps - bo th wheels 

Occasional moderate pressure dumps - both wh eels 

Occasional moderate pressure dumps - both wheels , 

Normal reverse thrust; occasional moderate pressure dumps - both wheels 

Occasional moderate pressure dumps - both wheels 
Occasional moderate pressure dumps » both wheels 

Normal reverse thrust; occasional pres sure dumps - both wheels 

No pressure dumps 

Occasional moderate pressure dumps - both wheels 

Occasional moderate pressure dumps - LOB 
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SI 






DEGREE OF 
WHEEL SKID 



LOB » Lett outijoas'd wheel 
RIB Ri^t ioboaxd wheel 
to « SetaehtoiB 


MW » Main wheels , 

m ■> Hose wheola 

MB •> Msittousi hr«k« apbHsbUm 


Occasional moderate pressure dumps ~ LOB 

Normal reverse thrust; occasional pressure dumps > both wheels 
Full pressure dumps - both wheels; anti-skid control bo« "F" 

an?I®slYS® prior to lookup; full pressure dumps » both wheels; 

Normal reverse thrust - full pressure dumps - both wheels 

5 pressure applications on LOB prior to lockup; full pressure diusps •• both wheels; 

anti-skid control box ' F for this and subsequent runs 

6 pressure applications on LOB prior to lockup; full pressure d;mips - both wheels 
Normal reverse thrust; full pressure dumps - both wheels 

No pressure dumps 

Occasional moderate pressure dumps ■> both wheels 

Normal reverse thrust; occasional pressure dumps - both wheels 

8 pressure applications on LOB prior to lockup; full pressure dumps - both wheels 

11 pressure applications on LOB prior to lockup; full pressure dumps » both wheels 

TD in water; normal brake application; full pressure dump - both wheels 

Occasional moderate pressure dumps - both wheels 
Occasional moderate pressure dumps - both wheels 
Full pressure dumps - both wheels 

Full pressure dumps - both wheels 
















































































































































































W'Msa^ 


Test aircraft and ground vehicles 



•i , 
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,(b) MSA, DBV 









Figure 2 «- Signal block diagram for NASA instrumentation on B-727 test aircraft. 
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a) Ctaners inatallation 
Fig-are 4 


Instrurrieati 

Boeing photothsodolite tracking earners, systezr. on B - T2T aircrafts 




























LOCKED FREE ROLL 

(fSW (ROT) 

0 VALVE CLOSED; BRAKES CANNOT BE ACTUATED 

Q VALVE OPEN; BRAKES CAN BE ACTUATED 


Figure 7*- Diagonal-braking system. 






Distance meter- 
(prototype) \ 

Velocity meter . 
(prototype )\ 
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Angular velocity 
generator ■with 
Mi cart a wheel 


Micro“Swit ch 
(l pulse/rev) \ 
for wheel revolu-cion' 
counter 


MSA distance 
easor (8 lobe cont- 
actor) 


Velocity/ distance ^ 
sensor (prototype) 


Trailing wheel ai 


rumentation 














100 

Left front wheel 

' 50 

velocity s mph 


0 


100 

Right front wheel 


velocity, mph 

50 


0 


100 

Left rear wheel 

50 

velocity,, mph 


0 


100 

Right rear wheel 


velocity, mph 

50 


0 


100 

Trailing wheel 

50 

velocity, mph 


• I ^ Event marker: 
Locked wheel 


:f cfr braking 


50 • 



Longitudinal 0 

accelerometer 5 g's 

-.8 


0 123it5 6789 10 11 12 12,75 

Elapsed braking timcg sec 

(b) NASA DBV run 7A on Houston wet runway conducted three minutes after 

aircraft run 42, _ , , ^ „ , 0 -, ^ 

Figure 9,- Sample NASA DBV records of test runs performed during B-727 aircraft 

flight test program. 
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Figure 11«“ Diagrammatic layout of Mu-Meter 



INTEGRATOR 
(WINDOW A) 


DISTANCE COUNTER 
(WINDOW B) 


STYLI LIFTING ARM 


CARIJIAGE RETAINING 
CATCHES 


DRIVE FROM 
TRAILING WHEEL 


FLEXIBLE TUBE FROM 
LOAD -SENSING LINK 
TO BOURDON TUBE 


SPROCKETED 
ROLL CHART DRUM 


ROLL CHART 
DRIVE MECHANISM 


TAKE-UP SPINDLE AND 
RETAINING CATCHES 


PLASTIC TUBE FROM 
RED PLASTIC BULB 
TO EVENT marker 
CAPSULE 


EVENT MARKER 
STYLUS’ 


RECORDER STYLUS 


STOWAGE FOR 
SILICA GEL PACK 


ROLL CHART 



Figure 12 


Mu-Meter instrumentation 



Mu-Meter friction reading 



(c) Mu-Meter rtm 10; i+0 mph; conducted three minutes after aircraft riin ^3. 

Figure 13,- Typical Mu-Meter records of test runs performed during B-727 
aircraft flight test program on runway 8 l/ 26R at Houston 
Intercontinental Airport. ; 












_QU{) D2 

NASA WATER 
FILM DEPTH GAGE 


■ mfiifi 


sMi aa 


SOnTt^t IMC 
tVAMSIOM, (U 


. ' ■“ V®'f 






(b) 3/h Rear riew 



Figure l6®«. lASA water depth gage 
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Figure 1T.'“ Rimt>?’a ;7 texture depth measuring kit 








(a) KA.SA Wallops Station. 


Figure 19,- Test runway schematics and siirface characteristics. 










(b) Houston Intercontinental Aliport® 

Figure 19,- Continued. 


Runway 

Test Section 

Elevation ; 98 ft 

Width; 150 ft 
Crown : 1 percent 

Surface type: CMvas-belted finished PCC 

Kffective gradient: 0,035 percent 

Rubber contamination; Markers A-B ( 65 O ft) 

Marker G + (lOOO ft) 
Average texture depth; 0.20 ram 
Effective gradient; -0. 035 percent 


Test Section 













(c) Edwards Air Force Base 


Figure 19,” Continued^ 











Runway 

Test Section 

Elevation : k 2 Q ft 

Width: .150 ft 
Crown: 1 percent 

Surface type: Transversely grooved concrete 

Groove pattern: I-I/2" x l/k" wide x l/h" deep 

Effective gradient: O.67 percent 

Rutter contamination: Wegligitle 

Average text'ure depth: 

Effective gradient: - 0 . 67 percent 


(d) Seattle-Tacma International Airport. 


Figure 19 .- Continued. 











^^ 00 ' 

A B C D E E 

— 500' I 500' I 500' j 500’ «S— 1000'"®-|-®-- 


1000'-®+«f--1000’ 


Test Section 


Runway 

Test Section 

Elevation : 52^9 f't 

Width: 150 ft 

Grown : 1 percent 

Surface type: Plant mix asphalt 

Effective gradient: 0 

Rubber contamination: Marker G + (lOOO ft) 

Average texture depth: O.16 am 

Effective Gradient: 0 


(e) Lubbock Regional Airport. 


Figure 19*“> Continued 










■+- 4000' 

Abode 


H 500 'j 500*1 500 *j 500' h- 1000 


Test Section 


•ritTTw «■ 18 m TS" 

■ ■ :S:p««e£E5 
;v::-.:JSgBES:: 


Hi 




R-unway 

Test Section 

Elevation : 12 ft 

Width: 150 ft 

Crown : 1 percent 

Surface type: Transversely grooved hurlap-drag 

finished PCC 

Groove pattern: I-5/8" x 3/8" "top^ 

3/16" hottcsm width X 1/8" deep 
NOTE: Groove depth irregular due to 

surface unevenness 
Effective gradient: 0 

Rubber contamination: Markers A-B (5OO ft) 

Markers F-G (lOOO ft) 

Average texture depth: 

Effective gradient: 0 


(f ) J.F.K. International Aii^ort. 
Figure 19, ~ Concluded, 















G-'OUid sp.,sc' lOoC, 



Nose wheel tire rolling radius, in. 



Figure 21.- Variation of nose wheel tire rolling radius with ground speed. 













Brake application speed, knots Stopping distance, ft 

(Boeing phototheodolite) (toeing phototheodolite) 





Figure 24.- Correlation between NASA nose wheel counter and Boeing phototheodolite stopping dlstmice, 
brake application speed, and SDR (wet/dry) data for the B - 727 test aircraft. 





Figure 26.- Variation In NASA DBV dry stopping distances with air temperature 








Average Mu-Meter friction reading (record) 


Airport 



Ife-Meter speed, mph 


Figure 28«- Variation of Mu-Meter friction reading with, speed 
for several runways. 



Aircraft SDR, wet/dry (from MSA counter) 




Notes Single flag on symbol - 2 outboard A/C wheels looked! double flag - all A/C wheels looked, 
open symbols “ worn A/C tiresj solid symbols - ne>’ A/C tires 



( a ) Wallops 


Figure 29, «• ^Drainage characteristics and correlation beti-’een B-727 aircraft, \^ASA DBV, and Mu-Neter stopping or 
friction performance on wet test runway surface. 


Aircraft SDR, wet/dry (from "ASA counte: 
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DBV SDRj wet/dry 


Single flag on symbol - 2 outboard A/C wheels locked) double flag 
oyien symbols - worn A/C tires; solid symbols - new A/C tires. 
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Time from aircraft run^ 
5 flag - all A/G wheels 
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Figwre 29.- Continued 


Aircraft ST3R, wet/dry (from MSA counter) 
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DBV SDR, wet/dry ' Time from aircraft run. min 

Hote; Single flag on symbol- 2 outboard A/C wheels locked^ double flag- all A/C wheels locked| 
open symbols— worn A/C tires | solid symbols— new aircraft tires » 


Mu-Meter friction reading (iiO mph) 


(c) Edwards 


Figure 29.- Continued. 
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Aircraft SDR, wet/dry (from MASA 


Aircraft 

Run 

6h O 
65 □ 

61 O 

62 A 

71 K 


(U u 
(U 

“ no 
iH 01 »U^: 


No measureable Xirater depth at time 
of aircraft and ground vehicle tests 
after artificial wetting 


Surface damp - 


2 3 h -10 -5 0 +5 

_ DBV SDR, wet/dry T^me from aircraft run, min 

Hote: Single flag on symbols- 2 outboard wheels locked; double flag- all A/C wheels locked; 
open symbols- worn A/C tires; solid symbols- new A/C tires. 




Mu-Meter friction reading (UO mph) 
(d) Sea-Tac 


Figure 29.- Continued. 




Mu-Meter friction reading (I4O mph) 


(e) I.ubbock 


Figure 29,«- Continued. 




Aircraft SDR, wet/dry (from ‘'JASA counter) 



1 2 3 )i 

DEV SDR, wet/dry 



Notes Single flag on syntbols- 2 outboard wheels locked; double flag” all A/C wheels locked; 
open symbols” worn A/C tires; solid symbols” new A/C tires. 



Mu-Meter friction reading (hO mph) 


(f ) JFK 

Figure 29.” Concluded 






ft' 


WSf SITSit Wallops Station 
TESS SUSFAGS? Sln^3cy seal asphalt 
SOKFACS COSOITXOSs Wet CO.OB"*) 

AFEBR MRCSAFX RUW EO.i 12 
TBBAB COIDITIOHt Re’irertsd rubber skict patch 
BEMARi^: Outboard wheels experienced ihll lockup at 

aircraft groxnad speed of 83*0 knots and reisaaiued 
locked for 1331 ft resulting in reverted rubber skid 
patch shown in photograph* Inboard wheels > which did 
not experience prolonged lookups^ showed no avideaoe 
of tread reversioav Worn tire condition® 


TEST SITES Houston Intercontinental Airport 
TEST SURFACE;: Canvas-*bslt finished R?C 

SURFACE COBDITION: Wet (0*028*’) 

AFTER AIRCRAFT RUS BO, s, 4? 

TREAD OOBDITIOHi Reverted rubber skid patch 
REMARKS s Outboard wheels experienced lockup at aircraft 
ground speed of 99*1 knots and resaaiasd locked for 
3004 ft resulting in reverted rubber skid patch shovn 
in photograph® Inboard wheels ^ -which did not experience 
prolonged lockups# showed no evidence of tread rev^ersioxi 
f New tire condition® 


'TEST SITEj Seattle«*Tac<saa International Airport 

TEST SURFACE j Transversely grooved PCC 

GROOVE PATTERN j l*»l/2” spacing x 1/4’* wide x 1/4” deep 

SURFACE COIDITIOli Dry 

AFTER AIRCRAFT RUN NO. j 60 (abos-ted) 

TREAD CONDITION J Che-vron cuts in touchdown area 
REMARKS I Photograph shows typical chevron cutting 
.experienced by aircraft main gear tires at touchdown 
on dry grooved surface prior to wheel spin-up. Once 
wheel spin-up occurred, chevrcm cutting ceased. The 




Various tire tread conditions experienced by aircraft main-gear tires 
test program. 







(c) Wet runway; two outboard wheels locked 
Figure 31.- Concluded, 






(b) Wet rmiway j all wheels t«r»iag 

Figure 32,- Continued, 
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(c) Wet runway; two outboard wheels locked 

Figure 35®" Concluded® 



I]l' ], I I' III] 

liitiiiiiii 


ilililiiiliiiiiliilii 


' ''I 'in'iiiiiiii iih nm Hiii ii 

i.!i! " i: 'uriiii. ; 


llillniilii 

; ini ii liiiiliiiiiiiil 

liMiiBjiiBiiiiiiiiiiiiiiiBiiiiiiiiiiiiiiijiiii iiiB 

M 1,1,1 I 'I'!,, 




lillllllPilpillilllllliliilllii I 


,,ri|{|i;,,„miiijiiiiiiu|,,i|j,||i,i| 

liiiiiiililiiliiilllililipM 



", ii 


iiiiiiiiiHiisiilii 




I'V, , I ,', I 

I — — 

:: liK 

!!ii||ll 


ipyiiipiiiiiiiliiiiiiiiiiiiiiiiiiiiiiiii 


liiiiyiiiiiiiiiiiiiiiiyiliii 
' , I III!'. ,, 
iiiuiiiiiiiiiiiiiiii 


Spi 


sniiHili’ ill I 

"ill lib' nil 

I lllili I 

I II nil I 
mill 

i",ii iiiiiii 

Hill 


Hill 


hl,i lE'illi 
■'I'lll 
Ill'll 
Ii III'H 
I, Ihill 
II III! 

I iliiilll 


I ill! I 1 1 1,1, , ' ,* 

I i'i,ii;iiii ' ' , ' , , ' 4 ,| 

I iiiiiHiiiiiiiiiiiiiiiiii'i:iiiiiiiii;'.:ii,;iii'iiiiiiii,'iii' ',ji,i,:iiii> iiiiiiiniiiiiiiiiiiiiiiir i'";,,', i 
IHHIIIIIiHIIIHIIIIiH:ilii|IIIIIHIIllllillll'ii|i:.i';'>>' 'll|i;'<'Ml li,'«IHIIIIilll!iiiilllllliill ' ,'ll ,| 
Hill HIHIll|lllHHll!llll'!|l|;'H,!'l'HHl|inilllHHI|'l"illi|lll!lll|IHH,BMd!l|'ii!inHHHlir!llH 
III Il'i"'l'i I" ' I 

I ||||i I'lll' I I'l , I ' ' ' '' ' f| 

|i'',illlilll|ii!|i||illil|||iilli lllllliiili,''' '',''1 ' 
llHlllliii|",’ I ' III 

illHHiiiniHIliliilllliliillii 

JHHH IIIilll il lHiliiililHiillpHliniiH^ 

HililllllllllllHIliailillillUlllllllilililSilHIIIlililigjjlillllillnld 

, ' ' 1 ' 1 1 , l,'l , , ' ,1, ", „ , 



lIlilHlillljlllllllli 
iliilllilliiiiliii 


III, III II 
'll I" I 
III' 


III III! 

Hi 

il 

H 


'i|iriii,'i' 


iHlIHilillllllillliiiiilllliillll 


niiiiii 

mm 

IIHII 

H'lnilllllllllM Illlllliu 


iiiiilii 

l|||! 

Bllill 

illlilliliilHIilillliiillllli 


lilll 

lilll 

111 

iiiiiii.iliiiiiil'lii|iiil||liili'.i|ll 

Hill 

lllili 

Hill 

m 

'"ii''ii'i',,i'i,'ii:iiiiMii;iiiii 

mil 

iiiii 

1 

II 

■' 'iMi |,i','ilii 

Hill 

Iliiilll 


lllili 

1 |l! ji 

Hllllili 




III nil 
lili'lillll 

mini I 
IIIIIII I 
IIIIIII 
iiH,: 
iiii 
I 


Hill I 

Hir 


I'll," 


mill 

Him 


III I 
IIIUH 

"III 

Hill 





iiiiniiiyiiiiiiiiiii 

IIHHIIIIIIIIIIIIIIillll 

iiiliiljiiillHpIl!!! 

1 1 UH nil II Hill II' I ii'inU 

II iiiiinillliHIIIIIIUliHIHHIIIIUIIlllllHII 
I 


HiHiuiiinnilii 


'III I , !,," ’iiilliilll 
II ll 

IliHIplilHIIIIIIilii!! 

11' 'I I'lll.!!.. 


I 

III 


■iiiiiiiiiiiiS 


imi'i III I 

'll 


illlllliu 

li! 

iili 
IIH 
HIH'HI 
HI If ' 


, 


IlililllllHHHHHIlillHHIliHHHHHHIHiHHIHIIIHIHiHi^ 

illiiiliilillllllillllillhllilllljlllillllliiiiiilliiiilm 
lill!ll|liHill||i|i!l ll i ll l i l!ill lillllili m 

®!IIHIHIIIIiiHi'iiiliiffliniiiiHm 

ililllliiriiiHHHIHHIHiiiiiililli 

'iiiiiiiii;ii"ii i 


III lllllllil 

III Hill m 

jiliiliiiiiiliil ill 


IHili 


II I 

|i 


!! 

ItlllllillHIIIIIlil 

IIIIIIIIIIIIHIIIIK 


lllili 

inil! „ 

iHiiiHiHiiiiniiniiHiiiiiiuinii 
mil mu 

iiilriiililiiiiilllliilliiiliiiiiliill 

III 


iimii .. 

mill 


illlllliu 


illll!l 


ll,li::li i ,i;il 111,1. 


I 1 IIIIIII 

nr iiH'Hi 

iiiHiii iiiiiiiiuii III linin' 
HHHH'HHIHHHIlHHfflllllHHHHHHllllllillHIIIIIIIHHIlHI 

ll>! - 


lllli 

iiiiin 

I IIIIIII I 

■■■iiiiiiir 
Hill: 
nil 

mil 

ill 


iHIHH 

1 1 

nil 


iiiiiliiiwMinilllllllllKIlilllillliiiiiinillllllllllliillMIffliiilillilillllHIIIIIilllllllHin^ 


(a) Dry ruiway 

Figure 36.- T^lcal time histories of aircraft test inms at JFK. 
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Effective braking friction coefficient 


NASA Landing Loads Track Tests - 1965 (^sference 3) 
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Figure 37*- Effect of reverted rubber skidding on aircraft tire braking coefficient 
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Figure 38,- DBV SDR correlation with aircraft SDR 



Aircraft SDR, wet /dry (from NASA cotmter) 







